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Aerodynamic stability optimization of controlled diffusion airfoil

XU Quanyong', QUE Xiaobin®*, WU Feng’®
(1. School of Aerospace Engineering, Tsinghua University, Beijing 100084, China;
2. School of Energy and Power Engineering, Beijing University of Aeronautics and
Astronautics, Beijing 100191, China;
3. Simulated Altitude Key Laboratory, Sichuan Gas Turbine Establishment,
Aero Engine (Group) Corporation of China, Jiangyou Sichuan 621703, China)

Abstract: Direct method was applied with an automatically optimization tool, in which
the geometrical code and the blade to blade flow solver were integrated into genetic algorithm
for searching of the optimal airfoil based on a conventional controlled diffusion airfoil
(CDA). The design object was considered as a compromise of losses and operating range. It
showed that the attainable incidence of optimized airfoil increased from 11° to 17.5° and the
negative incidence range increased 4. 5°, with similar design point loss as reference CDA air-
foil. Additionally, the loss curve of optimized airfoil was flatter, showing it can remain sta-
ble performance in a wider working range. It indicated that the upstream propagation of suc-
tion peak shifted from 40% chord to 20% chord, extended the diffusion area and reduced the

deceleration gradient, contributing to the increase of stall margin. The increase of negative
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incidence range can be ascribed to two reasons: first, the optimized airfoil has larger throat

area and the throat location is apart from suction peak, thus gaining larger choking range.

Secondly, the pressure surface velocity distribution is flatter, even with slight acceleration

until 30% chord, as a result, the early separation of boundary layer caused by the leading

edge spike and the following continual diffusion can be avoided.

Key words:

optimization; compressor
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Fig. 1 Airfile geometry and control parameters

(Sa) B 7 B AR 258, 3 A 1 T R0 4 B AT
JE 3 HE AL E (P, Py R R B E 7 3
G0 3 TG ARARL o s g T e ] 4 (P AR AR H B
R B e R VR B B oE . X RS 5k Jy T
T T ELAT AR B[R] A S Ja -
18 J5E B S A 1Y
1.4 MHRIMRRZSWAE

Z Sl W WA TR g e LR (R
- HY P BE S A eb Tz {8 ] A9 MISES (multiple
blade interacting streamtube Euler solver) &%,
LT B Giles™™ Fl Drela®” ¥ &, Rl T K&
UL/ B T 2R G SR A O 1 B U Bl 23 Sl TR A
A T8 )22 P A DX L JC A Y 3 I XA 2l 3 A R
$L 7 FRSR A o Ry 2 T AR 3 DX B TR R G e B
1T J2 ARG T3 R SR A DX LA B JRE 32 S 0
e ARG L. T RA T AEEAE A
e U BG4 . MISES Sk #E = 4k 37 3 5K i
i BERS I Ao 45 7 U J5 R AR AL T IR I L R
Mo 5| AT AGSCAbu-Ghannam-Shaw) f& &1, ) %
JE V2 it U7t B T2 e g . (Rl L MISES A P fs] i)
25 78 DE VIO AN R0 B T DR SR A i LAY
WA R M. Kiisters 51 7R (5 75 4518 T
XSHZAR P HEAT TR K, Tain & Cumpsty™ K 1% 2
7 53 0 i1 25 T8 R0 i 0 0k BB A9 52 | 3k 3¢
Bk 7R - MISES T 20 A e A 5 75 AR 6E A
e 53 A T S DX 388000 40 7 Bl B A A e RS E
2 CDA fLigit
2.1 EfEREIER

AT Steinert 0 B T F 3
FEAALE 1A MAN GHH 1-SI M- BI{E
FErt R, kRl CDA LB 5Ch. #F0 D
BEEL Ma, =0. 62, #F WA pr =477, i %
AR=20. 6", B Ik Q=1. 1. W c=1. 47, 5 K5
BEh 105z . HTAERHECH 8. 6X10°, 3 1
T 910 B2 2 106 5 A F R AL T TRT 2% A B AR i T A
JWHIN . A3 MISES 73 #fr 1% CDA 91X
TR B0 AT FO B -4 R O S SCk[23 ]
ML A5 R HEAT TR . B 2 A ERIHRE T M A
20 THT 45 0 H o B0 1) 43 A (e /e D AR 524 19 %
. nIRUA H MISES 3150 89 S b 2000 A7 5 52 50
SRS ARG Wy T RO R A RN AL
P XA B A 2 S SR A R — 8 R
Wl /N SR L R ICT A R D T ET 40 20 554K A RES



BT

TR B34 AT R YO R A AR AL 1765

R T g A LR AR R] BE A 1Y JZ AT B 1 Z
S T A AR R R WA AE 5006 5K KB I
BTy B T R R IR SE T R R AL
FEUBH XA SR T R % AR % 1Y Stratford
SR s LAt B 1T 2 0 v . B3 D MUAf G-
SR AR R B X LE L BT A RO R R &R
oo TSR S RS RILIE AR T 455
PR/ TSI I BARZE T i 2 A K. SE gl
AR R M T B B TERE R O
B2 117 B B AR 1.804.

1.0 T
o Experiment

08l o0 T MISES
2
E 0.6 i
S 04
=

0.2

0 20 40 60 80 100

(x/c)%
Kl 2 MISES T35 R 2R 10 5 B 4000 A 5 2 3 X L
Fig. 2 Comparison of MISES computational result and

experimental result of blade surface

Mach number distribution

0.10 T T [ T T T T |

o  Experiment | |
MISES | 4

0.08 -——

0.06

@

0.04 -

0.02

il(°)

B 3 MISES J1-54 i 35 £ - i 00 0 4 1 45 S 36 A 6 |
Fig. 3 Comparison of MISES computational result and
experimental result of incidence-total pressure

loss characteristic

2.2 EiItEE

AR ST T A Ak AR SR BE 0 LA A
A HETTBLA AL LA A A AR
I RIEFEALE o FIZHA Lo W ITTH 1 E] S,
A AR 38 7 NSRRI R GE R0 R 5%
KB R R DA KT R PR A, R
ANy KT as 7, DL gt R %50 5 B e K

JE AR T 20 06 52K L ik G iy i il
2.3 fAiLBHR

LAk B bR e BeZ % 1 SCHR 1L 5 i B
T BB R AR BT A R R K 3 o
B B AL B AR - UG Al v 2 ) B3 E T AR
VR 2R A Y L e 1T A Y A A
AR S CULE 4 IETCA G B AR T 1ty 1 - Y
f14 2% A B+ JH Hh o 2 R Ok S 0 B AL B E T
REBON 2 A& T/ MR R AL . LA B bRk
A A A BT A IR RN 00 SRR R A
10 B 1) 80 26 AR DX 48 By 453 2K - B 4B o » LUARIIE
FEASHUTE B FIE BT L0 T B R FrE B 0%

0.05
0.04
0.03 _‘\ Ap,
- de ¥ 7
13 " ﬂ j
0.02
E’.m E}.I
0.01 |
Uz -10 -5 0 5 10

i°)

B4 H b el B R

Fig. 4 Correlative quantity objective function definition

R A 0RO A 5RO B AR, D
e ok WA O e 7 W B e
Boa FUITE Boa,ret WO I 22/ T BT I EE A Lot (1
2 V0 B F AR A AE S B RS RO — 3 4 A
PAL E AR P 10 K F 2 Y0, WA Ry i 25 5 AN 5 2
BOHEOR . 4 TRORIIETHA /.

) 3 25 i et v B P RE A AR AL B AR pR AT
AP et JAVCRE

f‘& ta fﬁﬁ

o | BZa _ BZ(l.rcf | + f
. 5 d
Wgo, ref ’ A,Bref

i A AR e B0 F e f /D B O A AL H AR . AL
R arsar s as W] LU O A0 09 0 5 5 HEAT
PEE . AR SCRYUE AR BRI 2 4> 1AL 53 1) E
R o/ G (B Ao A i L e R L e 2
HpBWEAL T HAR.

3 RUERSH

5 S Al 705 T TR % G A Al - 7Y 1Y
M8 3 TR R 8 A 23 5 A i 8 B S P 222 i s T

+

U
— 2
ef

Wy,




1766 R IS B 5 32 %
0.06 I |
0.05 - —=— Baseline
s { —a— Optimized
0.04 ‘%\ i
12 0.03 .Ff
Ao M LE
0.02 ) o K
—_sd sooasaados N
&5 oAl e B 0.01
Fig.5 Comporison of before and after optimization airfoil 0
-12 -8 -4 0 4 8 12

AR B LA BT S A7 22 5 Bl R K

Pl 6 SRy i it o i 75 4 v A5 00 T 54 A1 B %
LU o A0 Ak i 788 5 D o TR g G A s DX R 3
JeBEJG 22 19" Stratford 43 4 7T 3K, H. 5 ik $00 E
BOE AR Y R 7 B i R 40 26 5% K it i
RIRS 2 20 0 5% KAk o 1l T 3ms RS W T U
XA LA B A 3 F T8 R P22 B i 2 043
REJyam . Kaller 555 (9 BF 5% WoR 76 55 i 505
ik 2.5X10° B, B T 5% R A7 B TR o B 0 1Y
PEERHE— SRR E 10% 5% K LN, I AT
RFFHEXT (B D A LU H BT ) ik
A F AT 9 FEL A R R B el JROR B 1174 R &
17.5°%, e 0 BOf B K T 4,57, AR
JEE OGS T B T 1 2 5 R SHLET S 0 DL
Be 40 50 LA B R A A AR Ak . T3 b B Ak i 7Y
R 458 % Bt A 71 728 Al A B Ry P 5% TR AT ATEBE
FET R IR B PR RS E PR RE . R BT AR
P RAH T i — 243 W A B, B 9K i A g TR
R TR )2 X BN TR R L A R ) T A 4R
B R HEET, WA Ak i B iy T AR TR AT 3026 5% K
I DX AR TR TARAS AR B IR LG

Sk 1k — 2 43 AT e Ak I F R X D S o o AR
W0 I D P S H 57 K — 5 T (HE T A -1 K
PErP A7 B L 7R S5 I F I g T G U

I.O 1 r
—u=— Baseline
Catwr®¥m A Optimized A
0.8 & \\k
£ 06 ~ \Qszzhr_
=
0.2

0 20 40 60 80 100
(x/c)%

6 et s i B 5% T 45 00 1 bk 043 A X HE
Fig. 6 Isentropic Mach number distribution at

design point airfoil surface

i)
T BUA- BRI RRPERT L
Fig. 7 Comparison of incidence-total pressure

loss characteristic

U U HT RS 2 AR I 2 A DR L T G A i Y R
77 T8 S K o3 AR AR X B R AR AR /N R IR
WA T ) 07, 5 s TR % (UL BT 8) o A g T AR )
T B g A AT LA Y FE T I R R e RS 4 L OB R
PR TSR B Ak ) fiy B2 5 B 5000 5% K MY T A A% &
2070 S5 Z T o HY TSR A I AL (1 Ul B R
/NS TTTE 40 6 B2 AR TT U6y 1 A B BE B0 R 1 97 I
oA T80 M FH T S R 1 it 37 B 18T 2 C 2 5 e D 9 4
L WP AR H 7 H et 76 R % X 8P

I‘G ! |

—a— Baseline
0.8 - —a— Optimized —

L
s m
5 %.%&
= 04
=
0.2
\
0 20 40 60 80 100
(x/e)%
(a) BT A R
36 i T T
32 —=— Baseline
’ —a— Optimized
28 A

H
)
=
—
=

W
Lo

0 20 40 60 80 100
(x/c)%
(b) W RN T
K8 457 ff it AL R T 2 Ko A
Fig. 8 Parameter distribution of airfoil surface

at +5° incidence



BT

TR B34 AT R YO R A AR AL 1767

AR 3K 8 2.7, 000 43 85 00T R B — ik AE
2.5~3.0 Z[8], Al AHIBL B O 300 4 B R A . AR
At YW 1 R IR S T 2 2200 R K Ab L B
W B B A S BE I 9% H s 3 e LR g T R 4%
FEARE F/NTF 2. 0, BE B 18250 BT A — 2 1

FERR KA T T o 7 W T AL 1 56 Hh B3 2
e T A TR =2 I B 2 A B T B AR B K
9 Sy — 5° Ay B R 3 TET S R A4 A X L TR
M RLAE 40 Y0 5% K S B 40 Y B B I A4 A S X 1
DAL U Ty 0 AL 0 B R %2 D 0. 9. 5 ik T
AN

12 | |
”L A™,  —=— Bascline

—a— Optimized |

=

_:E 0.8 =
E
2 06 > A"!&
= 04
0.2
0 20 40 60 80 100

(x/e)%
B9 — 570y i B SR TH Dbk & o Al
Fig. 9 Mach number distribution of airfoil surface

at —5° incidence

Kl 10 2y MISES 53 i 30 % 8 31 5 (| 7 I
A 40 R R P e 2 I O A TR Y T A 2 T R
PO o Dt TR e SR Y 9 s AR T e
JZ53 o WA v T I T G B e B
3 T ) R TSRS R g A o [ R s T R S AL
BT W SE L R D T LT A0 00 K AL L 5 R
Y P 2R 32 O {57 P e R o DT 5 S ofE
TUSE FEMG R/ o LA R g I B8 % /1N, B AT
58 R A W TR R G g T A A D B T
SR . A BB BB T 3 A Y

& &
£ <

(b) Hkint- 1

(a) fiLfknf

10 MISES Tl 4 3 5 5 10 FAL 1) B bk B S (1 46
Fig. 10 Mach number contour predicted by MISES

near choke boundary

TRy [e) A s 57 50t s el 4 v (1T 11D . Al
TR A R D3 A 45 R Y T 247 TR e 2
s 77 1T iy 25 Ak 9 50 R T T2 AR 0 LA R B )i PR - 24
Fs S B B I Z G R e s . SCRRE L TR A it
B D 57 SO RE A R B k3 o e 0 0 b R LA
S B FABET s 7 T A o3 A 5 AR ST e Ak
- TR AR ABh 2 AL o BRIV ¥ DX I O - 2 B R WS A
I3 B A 3020 5% K5 A IF IR L JE “ Stratford
IR BE ARG YR . R i O IO
7 T A il T AR ol R LA K Y B T
MRIE o 3 — T T s 3 1T A 8 0 A i B AT R
OB L A% 58 CDA 3 B0 5 F 1 ) T 2 2 4
A 187 1l XoF Hs i B O A ) B AN AL A
Oy P 390 396 PR A BE AN K o J3E A SR G BT

0.14 |
0.12 i
—=— Baseline ]
010 == 1\ Optimized y ]
0.08
3 /

0.06

i
0.04
0.02 2 y /

0
0.4 0.5 0.6 0.7 0.8 0.9
Mach number

11 Tl - P4 2R A P X L
Fig. 11 Comprison of Mach number-total pressure

loss characteristic

4 & it

et CDA W8T H Ar 2 i B3t sl 00 die K
AN 5 fre /M T AR B3t T84 fE JE R AR
SE TARVE B = % 18 . AR SCR AR R J7 35
Fe i RLTLAT 2 Ak | o LR R 2 A B T S R AL B
EAEE G WAL G2 CDA HEAT 255 75 IR T K
fe B AR OC AL BT Ak e B A DR A BT Rt 2k
s TR ERUNI NP 51 L) | TR YD B SRl B B o
J5t CDA 5404 BLR X L A3 B 45 1 LR 4538

1) CDA O T 38 R A » /MR S £ 7 T
B PR RFEE N 2 30 00 5% K L B F T O 5 IS L
B X AE—E R L s X R 2 2 B
RS AR T IR BOMRAR B . AR S AR ORI T I
VROR 2 BT DL e W ) W {37 RS 2 206
AN BRI S TR R S 3 N TR PN
WA R . 2 T RO I W i ) 6
PE— R



1768 A |

Vi)

%R %32 %

2) 4% SO A L 1 5T L B A W 1 1T R
RN Aor o fif 2R B A R B B JE AR I . T3 b
e 3 v 9 3 B8 At i ARG 4 5 W 5 Hs 7 S
7 T 7 DX AN 55 A - 2% Bk 2 O L R 3006
5% BT T B 4 e i PRI T 4 AL 8 R
IR LA R B Je A 35 4 s 5 BB T 2 0 0

30 W T R g P U XA s B4R R T
LT Stratford 7343 ” 1 16 8 72 7 s 22 1Y) 1 %
A TE 2 AFE 53 M) it O B 160 2= A6 400 4 Dol P 7
200 T BE 7 AR AL O BR T B 0

£ 2% 3k :

[1] KORN D. Numerical design of transonic cascade[ ]J]. Jour-
nal of Computational Physics,1978,29(1) :20-34.

[ 2] STRATFORD B S. The prediction of separation of the tur-
bulent boundary layer[ J]. Journal of Fluid Mechanics,
1959,5(1) :1-16.

[ 3] STRATFORD B S. An experimental flow with zero skin
friction through its region of pressure rise[ J]. Journal of
Fluid Mechanics,1959,5(1) :17-35.

[ 4] STARKEN H. Performance of controlled diffusion blades
[R]. Kéln, Germany: Von Karman Institute of Fluid Dy-
namics, 1989,

(6] RSN, JFIFESE, RACTH . ] B BEAR B HAE R MLt
H i LT A A IS 5 F 55 2000, 13C1) £ 15-22.
CHENG Ronghui, ZHOU Baihao, YU Huawei. Custom
tailoring airfoil and its application in compressor design
[J]. Gas Turbine Experiment and Research,2000,13(1) :
15-22. (in Chinese)

[ 6] BECKER B,SCHULENBERG T, TERMUELEN H. The
3A-series gas turbines with HBR combustors[ R]. ASME
Paper 95-GT-458,1995.

[ 7] DUNKER R,RECHTER H,STARKEN H. Redesign and
performance analysis of a transonic axial compressor stator
and equivalent plane cascades with subsonic controlled dif-
fusion blades[J]. Journal of Engineering for Gas Turbine
and Power,1984,106(2) .279-287.

[ 8] SCHREIBER H A,STEINERT W,KUSTERS B. Effects
of Reynolds number and free-stream turbulence on bound-
ary layer transition in a compressor cascade[ R]. Miinchen,
Germany: International Gas Turbine and Aeroengine
Technical Congress,2000.

[9] KULLER U,MONIG R,KUSTERS B,et al. Development
of advanced compressor airfoils for heavy-duty gas tur-
bines;Part 1 design and optimization[ R]. ASME Paper 99-
GT-95,1999.

[10] KUSTERS B,SCHREIBER H A,KULLER U, et al. De-
velopment of advanced compressor airfoils for heavy-duty

gas turbines;Part [[ experimental and theoretical analysis

[11]

(12]

[13]

[14]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[R]. ASME Paper 99-GT-96.,1999.

U 5 3, % L . T R R SRS B SOBIL e B O B 4 e
LI, A28 30 1240, 2013,28(10) : 2309-2315.

QUE Xiaobin, JIANG Hongde. Design of high Reynolds
number compressor airfoil with early transition for heavy-
duty gas turbine[]J]. Journal of Aerospace Power,2013,28
(10):2309-2315. (in Chinese)

SONODA T, YAMAGUCHI Y, ARIMA T, et al. Ad-
vanced high turning compressor airfoils for low Reynolds
number condition: Part 1 design and optimization [ R ].
ASME Paper GT2003-38458,2003.

SCHREIBER H A,STEINERT W,SONODA T,et al. Ad-
vanced high turning compressor airfoils for low Reynolds
number condition:Part 2 experimental and numerical anal-
ysis{ R]. ASME Paper GT2003-38477,2003.

HICKS R M, VANDERPLAATS G N. An assessment of
airfoil design by numerical optimization[ R]. NASA-TM-X-
3092,1974.

SANGER N L. The use of optimization technique to design
controlled diffusion compressor blading[J]. Journal of En-
gineering for Power,1983,105(2) :256-264,

MROR I, T % J e — i 55 5 o A O 3 R R
10 B8 7 1 000 i as 241, 1983, 5(1) 1 53-61.

LIN Baozhen, JIANG Haoxing,ZHOU Sheng. A numerical
method for weakening shock wave strength in transonic
cascade flow fields[J]. Acta Aeronautica et Astronautica
Sinica,1983,5(1) :53-61. (in Chinese)

HOLLAND J H. Adaptation in natural and artificial sys-
tems: an introductory analysis with applications to biolo-
gy, control,and artificial intelligence[ M ]. Massachusetts,
US: Massachusetts Institute of Technology Press,1992.
GOLDBERG D E. Genetic algorithms in search, optimiza-
tion,and machine learning[ M ]. Massachusetts, US: Addi-
son-Wesley Publishing Company,1989.

DE JONG K. An analysis of the behavior of a class of ge-
netic adaptive system[ R]. Ann Arbor, Michigan: Universi-
ty of Michigan,1975.

GILES M. Newton solution of steady two-dimensional
transonic flow[ R]. Gas Turbine Laboratory Report No.
186,1985.

DRELA M. Two-dimensional transonic aerodynamic de-
sign and analysis using the Euler and boundary layer equa-
tions[ R]. Gas Turbine Laboratory Report No. 187,1986.
TAIN L,CUMPSTY N A. Compressor blade leading edges
in subsonic compressible flow[]]. Journal of Mechanical
Engineering Science,2000,214(1) :221-242.

STEINERT W,EISENBERG B,STARKEN H,et al. De-
sign and testing of a controlled diffusion airfoil for indus-
trial axial flow compressor application[ R]. Orlando, FL:
International Gas Turbine and Aeroengine Congress and

Exposition, 1991,

CI IR F





