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Improved viscous inverse design method for three-dimensional
turbomachinery blades
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Abstract: An improved inverse design method for three-dimensional turbomachinery
blades in viscous flow field was proposed. It was assumed that the camber line had a virtual
moving speed. The virtual movement was calculated by the difference between the target
load and the actual load, and was reasonably limited by the thickness of viscous sublayer.
The camber line was smoothed by cubic B-spline interpolation, and the new blade profile was
obtained by updated camber line and the given blade thickness. Verification results show that
the method can modify the blade profile according to the design intention. It has strong ro-
bustness, fast convergence speed, and high degree of freedom of the blade, independent of

the specific grid and solver, and also it has certain generality.

Key words: inverse design method; transonic compressor; optimization design;

three-dimensional viscous flow; load distribution

Y75 B #A:2018-12-10
EETHE : ERE AT A RI(2017YFB0903602) 5 [ R HARHE S 4 1T 7 F R 234 (51606188) 5

o [ B 2 B i T R TS WF SR H (QYZDB-SSW-JSC023) 5 Rk i it ik 5 56 S B4 % 1 (XDA21070200)
12 A0 2 30 HE (1992 ) L ) L Wb B A BLBR B3 ) 2 5T

S| AR 2 S0HE R B T L 2230 5 = et SR AL Jr B B 1) B v sk L)L A as 8 )2 4. 2019,34(6) : 1380-1388. LT Ai-
ting,ZHU Yangli, LI Wen, et al. Improved viscous inverse design method for three-dimensional turbomachinery blades

[J]. Journal of Aerospace Power,2019,34(6):1380-1388.



%6

AL = e R LI B I A BT o T ik 1381

TE 58 MU 50, 3155 i 14 3l ) 2% (computa-
tional fluid dynamics, CFD) 1§ i 2 £ 3E % &
2 U HAE M B R B B o, CFD AR R K i >
O R AR B AR B R BT AR R Y T S AR
W BUAREUE Bt Iy vk 7T LAy 2 I ) R I 1)
Ry i . TF B8y 35 S 48 © ML 454 L 38
it CFD $EARK g it 7 5 43 A (0 7 . itk A
AR 8 0 S 155 4L 25 SR X i A WA B s X B
R B HATAF A 2SR Ay w2, PR TF i) 83 3
T Bt AR T 2 O R T BT R X
Bt NS 2560 2R R . B U vk S 4
G E M R RS S 80 A, B B R 7 1
S B REBETH I BT N G A] DL X R O 3 X
BB S HOr A AT R ORI T B R
4T A o [) BsF AR X TR T 28 3 1) A4

HLAE 1945 4F Lighthill'V gt € £ 42 1 52 1)
VT A E A S 1) B 3 Oy A8 B T 58 4
8. WA A BB 7 B8 T3 i sR B 1%
T5 1 e g 0 i A7 7E AR 2 BRI, W Murugesan
L Schmidt™ 48 H 14 B2 0] 85 125 ey BR F 30 7 7
TCJE T M . Hawthorne 5554 Ui o HOK #E ) 2
Al HE A . Borges- ,Zangeneh™™ | JE B 26070
WOTEME)T B =Y AR IR T RS AL s A
W& CFD 158 7 v B 7 W g2 DA S48 1L 1k fig
AN BT 42 Tt 3 BRCRE 5 A 2R o F- 4 Navier-
Stokes(RANS) J5 2 (8 5 0] @l 5 11 7 245 3 1 78
Oy R AR RS S MRS S 7 s AT L
W S 0] 5 v 53 S WIS < 3 00 O ik T8 i i AR
T RIS k. ETFBENRF
1 B B 0] Ry A M e SR B Ry ) 3 T A 1 Bt
S IR e 3 T ) R RE AR R PSR AL
Léonard,Demeulenaere 250590 3@ oo 3R ff 1 H 15 1)
8 Jo B S B 5 R R AR A5 I 3 T A% B PR U £k )
At s I LA A5 2 00 A B 3 £k 43 A 4R Sy I Tl 8 A i
St AL, Dang. Qiu X1 BR R AF R e A 2
550 ) B BRI G R A T O T I R B 1 T
5307 B Lk B A5 B R H AR oA Ry B
T HE LS 1 S 0] B 1 5 vk i 15 P R B I ] 2 TT
R gy, R RS Bl B R 02 A% G i B AR S80S
BRSO AT B . A S n) R A ), A
R[] HEHEAS W78 Ak . B2 i R 3% 10 <3 2 8000 2
HARSEO A 1k o 3T AL RS 1 B 1) i e i J7
WL Y6 Thompkins S 82y, Jf B T F — 4k
M1 % i+ ¥ . Daneshkhah., Van Rooij. Yang. %4
BH 3 00 B g 7 ARk RS T AT R

& IFHE)T B = e e

BB T 7 1k B AT Bl FE 4 1 F
RAMTHE - LR, MFRFBBEDRKME
R B 1) 8 7 125, HG3d 5 R 5 1 A% 4 A B CFD
SR A ARG SR RS BE 52 BRT CFD SR i g . 4
Léonard ,Demeulenaere 251 14 [z ) 55 7 16 3:& F Wk
PR BB 5 AR S 25 SR M o DA 3 S IR
J& L AT 2 Ay i B L AR Bl R L BRI
(AT 10 o Qv A5 AR R AE I 1 SEAR it T
BB AR T DT 2 RANS J5 ik (2L
FZ Mg A RE R TR Y I AE 30 BB BR
il 5 vk R i A A LA . T R AL AR B S )
R J5 6 TR SR i o A% of 5 0 i) AR T 43 B oK
it AT LA 5 AN ] 1 ) A 235 44 A CFD Kl i A 45
B s I S 25 A AR i R 7 ) 328 JBOAS 52 B A 34
BT 7 R M R AR R RS . (H R
RE LS 7 15 B BG RE PR AT S R A 2 X R
v # 19 3t B 48 5%, 41 Thompkins., Daneshkhah
SFULG g s RS 1 T R B TN T
FIFE o o3 AME I 30 AT 1 XS, it R 2 L R
N AN e - AR T P N DS A A 24
L PEOHRE. B IRy RS E I KA
Ti i SR W SR A A A T a2k AR R X
RUGEAT S IUAE B[] ip X6 it e w42 9 Rl A7 BR A
TN 5 e a8 A 1) B RS A Y ik 7Y BR A R 2% LR
G s R Tk Tz N .

ARSCER T — B A T LA Y 4 = 4
ROPER In) BB AT 5 k. o R AL RS A AU TE Qiu
SEUHBEAE FHEAT T BGHE L R 00 A% ) R AR A 25 0%
F AT AR H AR BT 5 S bR BT 19 22 (BT O
T FH 280 V)2 D B 6T o A7 8 1) i R (B R A7 5 B R
il BE T T O AR PR A S B L HL R A RS T
AT ENL T . ] B FE 5 il 44 (5 x0T
M R HE AT OB DA s R e .
Hb W RS A A Sl Y . BB X I R 2 A b AT
YA T ek R B b . AR SCE e A
T CFD K fif #% DA b o8 ik 1 J ) 8 75 345 5 88 s DA
NASA ) Rotor 67 15 F 3t 5 AL 3l iy #5584 3k
130 Rk s O % H AT 1 A0 A O L 56
UEJ7 ¥ B A R0

1 BN KRS

AR B FIF AR =48 RANS SR fi# 4% . 1%
i P 56 T 450 1k A% A7 R AR o 6 B 00 A
RUBSHIOTVE o SR T I 23 0 57 SR A 7 %+ JHe vp X i



1382 it

¥

3

LRI

7 2 K ] AUSM + (advection upstream split-
ting method) #% =38, 3+ H % A 4F Hemker [
#2825y MUSCL (monotone upstream-centered
schemes for conservation laws) Jfi {H 32 J} 2= /3 #%
AR BE 5 R 1 0 & R A BRARBUE iy — B
rhD 22 0 % 2B HIG I 1) B R e s LU-SGS
(lower-upper symmetric Gauss-Seidel) #% =,

I T A B fdF A Spalart-Allmaras (S-A) — Jf
FEAAY , JEAT A i 1153, 5 N-S 7 B2 70 B R il
IR (A e 2475 2% R F LU-SGS faaiag . i Bt fr
BN R PR T R AR R A, R
R FHJC B 3 3250 o AT 45 7€ ROl BV
A HAR A D45 E AR 1) X =50 D0 i b I
R JH 87 4k 19 422 ) Y- A7 J7 A% SR A U A% A i R
J1 o BETE I JCH B 1 AR HLB R A AVRE T

SR i 45 1) ME B P58 1 Rotor 67 H ML %
B R A — B AT IR IE . NASA X%
St ST T RGN R AR B R
JUT B FR 1, R A H B 17158, 4n &
Vs o 2 WM JC O 14 56 0E A 1w ] 1w 37 1s)
Sy E 93,53 141 AN W AE 5 A5, I T0 [A] PR VR A2
] 5 B 14 A RS A A% B2y 69 0L BETR Y
TRFFIEL~52Z (0] B 20 f i &50% L0 R it 46

& 1 Rotor 67 EFHIZITSE

Table 1 Design parameters of Rotor 67 compressor
28 Bl
g 22
JEE 5% T 1.56
¥/ (r/min) 16042
Wiar/ (kg/s) 33.25
JE L 1. 63
- T0E 8] B/ mm 0. 96
W A X E o A 1.38
M- JRE% 3/ (m/s) 429

B AR R B
Fig. 1

Computational mesh

— B E
o s i

0 10 20 30 40 50 60 70 80 90 100

XI%
(a) b R E AR
345}
— BEIA
w340 o R HHE
B s |
pic)
O
=330¢

325}
0 10 20 30 40 50 60 70 80 90 100
X%

(b) 1 ER A

K2 H SRS EXT
Fig. 2 Comparison of total temperature and total

pressure at outlet

H A T L A 1] 23 A R A R XS LG L BT LR
BB S R SR A R AT S ARG TR TSR
fife i . 25 BT BN L
2 Rt TiE
2.1 EUBHITE

AR S I3 T R S # 14 B ) BB LT O i jE
0 ¥ i o 4 R AR B BEAT AT . W 3 TR . Z
A0 J T 22 715 e =1 1) el 1) 0] 1) AR A MR BE I A
9 JG 8 BE P AE KRS — Ik 20 52 2 /9 2847 g Ap CRY
W 3 TR T T 22 ) O LB R 1 1) 11
B V- &0 REAURE ] Az J5 M 82 3h 21 1
AL HL 52 B A2 0 H AR BT A e » T JH 7]
ARSI B O AS, X — B B B HE 02 B8 X 1 Y
LI VRO HE A RS L . ¢ RO,V —c
DR AR R . O AT 2 R AL AR S A =[] 1 S
B X — P L B LU A A B . i A
BETH 6 1 2 T0 1 B 5 25 AF . LI oA S IR
R 2 THT A A LA T 160 3 3 L PR A =
2 Y ST BT A Ry — HERE Y s FLUCL T R R AR
PN 0 R7) DA B N R [ RS B o3 W B R N (DS
[ 32 Bl 7] DL 20 AR A B PR . 25 b AT
— Wy B R ] A O — ETC R Sl

MRAEHFFAE L BG4 i 7 R A7 7E L s, i
P 2 00 25 77 A R I I 9 A ik 2 DA AL B L T



%6

AL = e R LI B I A BT o T ik 1383

ey

&3 AR R
Fig.3 Schematic diagram of virtual

movement calculation

TEER 0SB 2 800 e X R AR IEA A R R . B &
F b R He TR AR A X W g T S R RE T
B SO B HLU T 2 O R e BN L W e AR T
() %85 B 2 b R A S RO BB B/ A R T R[]
IR MRCE M R A RS R
DI ARk ) SR B AH A . AR B gk S
B 1 OC ZR 40 R ) TH R RRAE AR 25 56 &
— o ¢ AV Hd(Aap) =0 D
K o R BE e A R T A G R D)
BIHL
ot (V= Vo) (AP — AP) = 0(2)
XF T B i A Vi =0, IR AL S
057 = RN WS
AS = AV, = At 7“';5’;‘; By, (3
K n, FoRiEm A EEMM NS E. BT
A SO e B oK g e . A 5 SEBR B[R] JE ¢,
T 2 AR A 28 5t DXL~ P 1 48 il e SO s
MR A B A T A A XD IE T
AT R T B S0 4 AR O DX B i R R R 2 X
B PRI R DR AIE 7 15 AR PR ARSI AS FiF o
VPR REAN B REFEIRZEE. S
% Numeca 3128 Al 5

AS.. = 6(%)7é<%>%Y‘ @

Xy B SR RE s Ve I Lo 350 2 75 3
Z AL A LA P 2370 A g AR AL Y 5%
KACER Y S 7 BT 4 69 (L AR Y B9 2 3L
—RIAHTEY T <T10 Y X3 B R XL
A Y =10, fEitEL R PEERETHS
AU Z0 0 Bl g DX I B R A AR B R A AS o s

AR R AR E B R N A AS,LL <
AS o o HF TR AR WS S50 B R I 0 R A7 7% s o
AN T el
AS.., = min(AS,AS,.) (5)
K ASae R BCHE G 1 A7 # & 6 B
1) RE 57 7% B 28/ T b R IS J2 TR 3, AT AT DA Y
P Ar Y HBUAE B THICSICE BE
2.2 HRE&RIAER
FEAS B R AR J5 5 AT LA 3 g £ 1) 8] )
AL
Sun = fu+ ASuq (6)
Aop f FoR M R PR G AR AR T AR 7 FoR
A AR A AR i AR TR 5R K
A7 B 1) LS B — MRS AH S5 2 SR AR S LA B A%
KUY RE LS i AH 22 5K o 2t Bl L T
| e R R T 0 At B Bl I A B
B R 7 10 AT . Dy 3l 4 28 RUNG 00 1 K A s A SCHE
THE AL RS I HOG 425 ) R AT 5 T R R
i =R B RS i A 15 2 sl 4 R

O MMk, @&

——
—__
p—

P4 =K B RS R0
Fig. 4 Cubic B-spline interpolation

A ) D 20 BORT A E A R L 0k B
] A D AR DR IE 26X A i Y O
T 6 R A ) 118 L ) B Dl 2 D
ANIETY AR AR B R R L XE LAAS 2 AR e o0 A
ARG B B34 . 53 AMETT % R 2 L T I) it
S TR BB B s S Y AR E A
TR X S B AT [ oA R B AR S A
1] X=10%~90%3% 9 A 15 Jy o 3 o  H
AR E 1 =0 BORE A% il 2 (B R A7 AR 1) LS
PR /N AT SRR 2 19 52 0 0 Bl ) Z =
576 ~95 U4 i [l ¥ M R HEAT 48 1L BT 66 0 B RE
26 I 2 A (5 7 1 BE PR TIE I B 2R 1) O 0 i 4L
HHRIT % 2 [ ) o T R % A T e R S 4 )
BN A B RS B 1 e 22 W] B S i . DT S 31
Xt e R R T R AR B
2.3 REEXESRE

F TR} 5 15 ) HAR S A0 BR AN 5 Prs .
o ) i 0 L K AR 2 A 0 A RO | I A
RS FEEE T CEFD SR fiff i 247 %€ # 1H 50 B 2L
S RO R 3R A 0 A Bt . 3D ~ X



1384 w3 ¥

LRI

()T B4 i 5 19 R 52 T 3K C6) B 42 il il 1)
Jil 1y AL A o 4T B A 2% il 2 4 (545 21087 19 Hh Ik
O A AR 25 € W R T8 R 0 A BRI R 4 3K
W AAFA H AR A B DL Bl e =M AR IR
AN HL S PR 34 23 A 47 & H AR B A 20 A
Ak o 38 H X B BEAT B0 DAL I i 5 B H
s AT A1 AN 25 il ) PR L S B0 B R A
i i 2 6 2 A8 H b 204 20 A il 28 IR 357 A i
S8 A OB, 3 I AT AAR 3 A 1) 45 5 % s 28 A E
PR DR AT M 1~ 2 B IR AP
AR F AT 5 B 0 F AR 2 A A

BIh A

R » IR At S

Vi B A1 |
+

PR TE H AR

— AT B2

(£ IST ) 1} 183 o A |

Fig. 5 Flowchart of inverse method process

3 HESERRSH

3.1 MHIREKE

3R [l 3 2 S [ R 15 1 5 el P A 6 i
Tk HE R Ry 1 S 1 Tal K A A 31 Y i
R BN S 80 i VR O S in) i B H br 2
B, AR5 B i Y A Dy S ) B 1 )
i iV I S0 N W Bl L1 B = N 2 o = B
JG iR R AR B SEA E 25 E B H AR SR
At [A] B it R 8] 52 30 49) 4 B i A BIVRT 364 iz [
i B R o IR Ty gexd A A (it
T IR EERE ) X R AT T IE L.

HEH Rotor 67 3fj it i) f i 280 % L0 i 1738
5 0 1 W 3 o e I < R 1 B L
2 HH T S BT S RO S L. 1B 6 2K
BRZEWCSIM 2. IR, SEIEAT 2000 A5 OE [A]
ARSI S A AR 5 A R ) R T AR .
100 Y IE o) 8k ACHAT — W AUE IE . B0 1Y
Bk 22 M 2 0 PR L R R BEVK B BT LR RAS

TR B0 2 B/ A B IE B8 E TR
5k 22 M 2R 53 kN I T AR E L AE 11000 27224
MUK AR R S 3 P A IIRE S
B 1 AR RMELRE A T ek ) 93X GO T R 1 88 L 5k
22 i 2R IR 7 T /0 I R 5 A E L i B AE 7000
B REAWE B 6L,

R2 BEHOTESHRESER

Table 2 Calculation parameters and convergence of

each case
) At/ AS../  AS./  ENE e 81
X1
107! mm mm A AR £ E
1 2.5 0.061  0.032 (3 KEL
2 1.2 0.029 0.032 (3 11000
3 2.5 0.061  0.032 (5 7000
-5.0

~~~~~~~~~~~~ Fpi

— R 2

g — A3

EREE10°
B 6 ik 2k

Fig. 6 Computation residual curve

W = AN X & B, 2 A B Ok
i K A0 B8 R F 2 M I 2 TR L R (] A 1 T e
USCSI A I Ar B L WS BE SR 18 Bl
HE RIS A S W IE Y AR S A U FE R
WAL S5 R 1 ] B PR A T ks M Sl . BT T S SR
3 B[] USSR S () I B AR Ak A B0 R R 2 A 43
A4k s NI ] LUE L ZEAS [R)AR ) o7 B S 1)
PR E R NOE PR S 7= o P e 8 S o
AL 52 B T LG R B8 IR T AR SC T B Y
S 17) R A R
3.2 RiEFEMAIEIT

Sy i — 20 B UE BT B2 Y R 8] BT 1 A AR
PE. T I X Rotor 67 H M2l M- 347 5 [a] AR Ak
SRS g A B R E bR 2R A A 0
W, LA s AL B . Rotor 67 % 7 J& #1 7Al
18 255 7 I PN S 9L 0 A R R K 5



556 1 ZEYCHEAE . = et AR AL B A S n) T et T ik 1385
) iy - - - - PR ) LUl
gt —— ot it

Hbrnt Hbrnt B prnt-#
sopy - Pt A 50 /L L L N
— et — et | 60
407 - HFRnA 407 - HFRAA 50|
< < <
Z 30} Z 3! Za0t
5 5 F30}
20+ 20 ¢ 200 f — ]
10+ 10 + 10 + — gkt Al
0™ 4 . B*finfﬂ
100 30 50 70 90 100 30 50 70 90 10 3 50 70 90
Z/% 2% 2%
(a) X=30% (b) X=50% (c) X=80%
B 7 R A 2R N 3 Aer X L

Fig. 7 Comparison of blade profile and load

AL UL 1) T L% A T TR B B A AR 1
Bl 2 AR B R BRI L R 5 7 AL
IO AR o R R A G R O S U
RAFFEIEAH K OC R PR L A SCOKE 0 Ao V8 4% 0 e 1)
AR AT 43 A Ok R AT 0 3 PN ) SR I R L R R R AL
IR

I 2% T Y 2 A CAp) g TR D7 1T 5 0 i TR
JI 0 208, PR U 0k B 5 1R B3 3 S B e 2
PRILAE I 208 09 B o A Ml k. AE AR X =
90 26 BT o Uk £h I T Al 1) Z = 3004 {4 i
BT Z=T02 0 E ; 7E X="50 Yo w1 » 2K faf iy
RAE Z=4500 0 B BB 3l . 5 5 A 20 1 3ok
(AR RO A DO NSRS =SS I (o i Y
I L TE A B S 8o A 4 A, mT LA GE Y
ok /I A3 A7 il £ A B L ] Rl R 68 A ) 28 e 2
AT 5V A L AR AT 43 A TR I 6 AT IR B Ak
GORENEH]N

W R 3% TR AT 43 A 0 R R R R AT Y AT 4
FE B H AR 307 20 A3 B B RN 5 ) G A 2k e AR A i
255 i H bR 0T 4 A ANl 2 N-S 5 B2 19
PP AT RETC I 8. A 8 BN WS BI04 00 o AT AR
it v () 235 5 DA R AR T - 1 28 r %o B A 2847 il 4
PR IE, DiEm X=—50% & k), & 8 4
T R IS 0 A R A A, 2R 3 4 T X
il 2R 10 - 2 A . W 8 R L R G H
T 2847 G €6 i 280 0B A7 31530 i, 52 [i] A 1) ) 52
o 228 pHl 246 (ol ) 45 SR ) 6 400 By - 28 288 £ Y 4% B S

P& - AREMCSI X B2 3 P 0 85408 vT LU L BT
25 7 14 b 28y AR XS0 4 280 A /0 o D e X H A
AT R AT VR RE (o (0l 400 . ol FLF 2 304 15 0 B
7R (39 P 2T A 2 . e R B LA 1% A 2y
Aii i 2P 9 it 7% 1] LA 00 Ak s e 23 Al

S0t
40
<
Z 30
=
20F A7 Gyl wiE A
— thalgh
10 | —— W)l E AR
——Pfl A bt
Z1%

B 8 X=150Y% A i S ] sk 11 3% Aor i 28

Fig. 8 Inverse design load curve on X=50% section

£3 X=50%HEREEA T FHTEHE
Table 3 Average value of blades load in inverse design

on X=50% section

=] -1 2 A / Pa
W1 iy vt T 2 A 25323
o ] 45 2R 25468
WG H b5 A 24434
Ak B b1 2 A 25359




1386 A |

¥ %318

2HANOL I A2 1) 0 A P S A) .
PCJE B A 23 A A O H AR 2 Bt AT S Rl A
We S50 B AT A5 20956 2 H AR 2 23 A Y L
RSO R 5 AR AR 28 20 4
5000 KA » S bR 4 A 3 A1 il 4R GEE H Bs 200
3 A 2R AT B B B R S 2R AR S Ry L
B9 I 10 Sy A [l A% 1] o B i 7 e B BT i #Y
AT o3 A1 LA R B L L W LA L ad
[Fa) RL G A A% 380 ) - 82 1T 2877 A AR A i A2 T
I bs B A o B — 2B B0 UE T AR SC07 4k A 251k

o EAREAT
— Pty
- BIR 2T

B9 2 T A X L
Fig. 9 Comparison of blade load

K10 ARAR TS B
Fig. 10 Comparison of blade profile before and

after optimization

B11 A 12 2 5 k42 1 X =902%,50 % #
TG AR X 45053 A A A6 AR i IS B 6 B BT DL
3 TE DA SR O ) A R A R RIS U o
BEA BT/ s Dy kR W s I 4], /18 X =
90 %0 50 Y6 8 1T M R % 16T 1 8 R 43 A B %L T LR
DG I W 7 T 8 A A e Rl R O 2%
U B B A, BT 14 S T R R 43 A s B

AR TR XS THRRAC
O .

0.35 0.85 1.35

(a) V14 (b) tfk
11 X=90 %0 #% i A X = Bk Boxt He

Fig. 11 = Comparison of relative Mach number on

X=90% section

AR ThRAC HIXF T4
L1 U m T n
0.1 0.6 1.1

0.1 0.6 1.1

(a) 1A (b) tfk
B 12 X=50 %0 # A X = Bk Boxt te

Fig. 12 Comparison of relative Mach number on

X=50% section

/%
(a) X=90%



%6 ZERCHE S - = e e AU R R S IR A R T T vk 1387
130+ —— VIR
120 7oy — feent
110 2 1.65}
< 100 =160t
z
13 90 1.55¢
£ g0 e
70 31.0 31.5 32.0 32.5 33.0 33.5 34.0 345 35.0
a/(kg/s)
60 (b) FELL
50 . "
P S S T T S S S T A 3 A 2%
R T P15 L0 A AR 2 R
7/% Fig. 15 Comparison of characteristic curves before
(b) X=50% and after profile optimization

P13 I A 3T i TR 23 A 2%

Fig. 13 Blade surface static pressure distribution

(b) Pl
P14 W g T e A AR PR I R

Fig. 14  Static pressure distribution and limit streamlines

(a) WIUA

of suction surface

e BRI 2R . o] LA H A A0 5 000 A6 1Y e B 3
)11 Eon I ) o T s U o 8 = W 14 S
2R 19 43 A 1T 1 WLy T R 3h 40 B X BN L < sh
SR A B

P 15 S 2 ] R Ak i S Al 2k
Fb 8 B[] SR T 0 9T Pt R 18 o R A3 4 ) i
T 0. A% 1. 0%, R EL 4E R AN AR 7R H A TAE
S BT R SR ) v T e R R LU e U
T LA T B IO A T S B ROR
Rk REAS B4R T .

0.94

093}
0921
M 091 ¢
& 090}
0.89¢ A
0.88¢ = et
31.0 31.5 32.0 32.5 33.0 33.5 34.0 34.5 35.0

i/(kg/s)

(a) BF

4 & it

AR T — TP B Y 55 T R 88 1 = ZE R
Pt A AL 7 S R AL 1T J7 3 L Rotor 67 5 75
R ACHL Bl A R A I3 A AT A58

1) IR 3R [ 45 2R R W] (2 TR R 2 5
JEEXE ke A0 8% HE AT BR 1 . BE 9% 2 T S IR 3 0 AR

2) R =W B RS2 BOEUTT 3% al L
F PP R RO AL O Ho R R G
AR Bl . B R R BE A8 X I T 2 AR R AT
it

3) FEVEE H s 2 A il 423 A i, 0 H AR
P8 5 B T R AR A5 DL O S R R Y
I ) S o A3 I R A 2R

4) A I R AR AT 3 A xR 2 AT ]
BT L i AR I B B2 T 0. 406 1004
T TR H Y

SE 30

[1] LIGHTHILL J M. A new method of two-dimensional aero-
dynamics design[ R]. ARC Technical Report No. 2112,1945.

[2] MURUGESAN K,RAILLY J W. Pure design method for
aerofoils in cascade[ J]. Journal of Mechanical Engineering
Science,1969,11(5) :454-467.

[ 3] SCHIMIDT E. Computation of supercritical compressor and
turbine cascades with a design method for transonic flows[]].
Journal of Engineering for Power,1980,102(1) :68-74.

[4] HAWTHORNE W R,WANG C,TAN C S,et al. Theory
of blade design for large deflections; Part | two-dimen-
sional cascade[ J]. Journal of Engineering for Gas Turbines
and Power,1984,106(2) :346-353.

[5] BORGES]J E. A three dimensional inverse method in tur-
bomachinery: Part | theory[ R]. ASME Paper 89-GT-136,
1989.

[ 6] ZANGENEH M. Inviscid-viscous interaction method for



1388 S N B 4 LRI
three-dimensional inverse design of centrifugal impellers [16] VAN ROOIJ] M, MEDD A. Reformulation of a three-di-

L7]

[10]

[11]

[12]

[13]

[14]

[J]. Journal of Turbomachinery,1994,116(2) :280-290.
WANG Zhengming, CAI Ruixian, CHEN Hongji, et al. A
fully three-dimensional inverse method for turbomachinery
blading with Navier-Stokes equations[ R]. ASME Paper
98-GT-126,1998.

LEONARD O, VAN DEN BRAEMBUSSCHE R A. De-
sign method for subsonic and transonic cascade with pre-
scribed mach number distribution[ R]. ASME Paper 91-
GT-18,1991.

DEMEULENAERE A,LEONARD O, VAN DEN BRAE-
MBUSSCHE R A. A two-dimensional Navier-Stokes in-
verse solver for compressor and turbine blade design[]].
Journal of Power and Energy,1997,211(4):299-307.
DANG T. Inverse method for turbomachine blades using
shock-capturing techniques[ R]. AIAA 95-2465,1995.
DANG T,ISGRO V. Euler-based inverse method for tur-
bomachine blades;Part 1 two-dimensional cascades[ J]. ATAA
Journal,1995,33(12) :2309-2315.

QIU X,JI M,DANG T. Three-dimensional viscous inverse
method for axial blade design[]]. Inverse Problems in Sci-
ence and Engineering,2009,17(8):1019-1036.

XUE R > 5% 52 o F8 e 5. Kk S [l R8T 7 2% 1y vt i 8 6 3t
KAWL HEHEH AR ,2014,35(6) . 766-73.

LIU Zhaowei, WU Hu, TANG Xiaoyi. Shock wave loss
control of cascades using inverse method[J]. Journal of Pro-
pulsion Technology ,2014,35(6) :766-773. (in Chinese)
THOMPKINS J] W T, TONG S S. Inverse or design calcu-
lations for non-potential flow in turbomachinery blade pas-
sages| R]. ASME Paper 81-GT-78,1981.
DANESHKHAH K,;GHALY W S. An inverse blade de-
sign method for subsonic and transonic viscous flow in
compressors and turbines[ ]J]. Inverse Problems in Science

and Engineering,2006,14(3) :211-231.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

mensional inverse design method for application in a high-
fidelity CFD environment[ R]. ASME Paper 2012-GT-69891,
2012.

YANG J,LIU Y,WANG X,et al. An improved steady in-
verse method for turbomachinery aerodynamic design[ J].
Inverse Problems in Science and Engineering,2017,25(5) .
633-651.

SRUATT EIE W], BRI, S5 0 R 4 =2 ) R AL i
JriklI]. fias 8h 1241 2012,27(5) : 1045-1053.

ZHU Yangli, WANG Zhengming, CHEN Haisheng, et al.
Full 3-D inverse design optimization method for turbomach-
inery blade[ J ]. Journal of Aerospace Power, 2012, 27 (5):
1045-1053. (in Chinese)

MR R > 5% 5 o F5 B 5 P Al Il R OB e S Il B 1k
I 9[]S AR .2015.36(9) : 1309-1316.

LIU Zhaowei, WU Hu, TANG Xiaoyi. Optimization of tran-
sonic axial compressor rotor using improved inverse method
[J]. Journal of Propulsion Technology , 2015, 36 (9); 1309-
1316. (in Chinese)

T BRI B T — R SR B = e R S )
0. s 8 1223, 2016, 31(6) : 1530-1536.

NING Fangfei, JTA Xinliang,JU Pengfei. A viscous inverse
problem method for turbomachinery three-deminsional
blade profile [ J ]. Journal of Aerospace Power, 2016, 31
(6):1530-1536. (in Chinese)

HEMKER P,KOREN B. Numerical methods for fluid dy-
namics [[[[ M]. Gloucestershire, UK ; Clarendon Press,1988.
STRAZISAR A J.WOOD J R,HATHAWAY M D.et al.
Laser anemometer measurements in a transonic axial-flow
fan rotor[ R]. NASA Technical Paper 2879,1981.

KAYS W M, CRAWFORD M E, WEIGAND B. Convec-
tive heat and mass transfer[ M ]. New York: McGraw-Hill

Education,2004.
(. TR )





