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Design of high Reynolds number compressor airfoil with

early transition for heavy-duty gas turbine

QUE Xiao-bin, JIANG Hong-de
(Department of Thermal Engineering, Tsinghua University, Beijing 100084, China)

Abstract: A type of compressor.airfoil, characterized by lowér losses and wider operat-

ing range than_eonventional controlled diffusion airfoil (CDA), was developed for use in

heavy-duty gas turbines, which considered the.early boundary layer transition on blade sur-

face induced by high Reynolds number. Direet design process was adopted, in which the pa-

rameterization 'of airfoil geometry and-the blade to blade flow solver were integrated into ge-

netic algorithm to facilitate, automatic optimization of airfoil. The optimization object was

considered as a.¢ompromise of airfoil loss and operating range of incidence, and a special air-

foil geometry model correlating the thickness distribution with camber line was applied to re-

duce optimzation variables. The main characteristics of early transition airfoil by optimization

are as follows: the suction side velocity maximum moves forward to around 10% of chord,

and the velocity distribution in the rear portion is flat. Finally, the design strategy of this

type of early transition airfoil was summarized according to the optimization results.

Key words:

heavy-duty gas turbine; multistage compressor; airfoil design;

high Reynolds number; boundary layer transition

HRRR R AL IEAE 1) BRI AR R L
(19 90 PR 2525 B S AR A HIE i i . [ o o THT AR 5
HLI T LA [ (9 AR L B3 30 3l L 97
i 05518 22 S 2% 1 00 T R g AR, (5t 5 Y
PRFE LR LR PR TE B 19 BT A P BE A9 ]

W is B H:2012-10-18
) £& 4 AR 3t ik

I 2 5 10 TS A FE R 1 B AOE AT T %
AT /M SR LA A PR G R R A B
THI AR LI CHLME RO AR 72

CDA W5 A B HLI ) 816 5 L7805 BT K
Korn'" it 5/ FF % 3¢ SCHRIZ 1o R 7 o4

TEF A R (1981 —) . B & BT AL L BB F 4 ML 3l 3 T 2 5T



2310 LT

= % % i

%28 &

FF AL I 5 A5 3. A as & g B AL
DB U B /N e A AR R B 2 X
CDA i 1F 2 ) F 3k — 5 M 38 5 W% ) T A 2%
20 % ~30 0 5% 4 PN T3 DXCOKE A 4R A7 i s o 7 s
W {22 J5 o DT 5 1 280 [ ik EL A K 1) 671 4 BB ) 0
AN AR AR AR AR ML ML R A
TS R REE L A6 = B L Rl TS A
T B AR RS AT BT JC
JEAR 4L CDA W BULE TG 2% 0k DX P 2 35 J2 0 B 1o
Z BB R, Koller 25500 5 & 5 510 52 i %
JEEIM A B IR R T — R BRI T 15 58 CDA
-7 (g i 7 R 31, Kiisters 2800 75 78[5 52 i BF 5%
Bt i S 56 b %o i R Y 3 T s M RE N AR T
FELEAT T PR 40 A SE 50 B0 E. SR 1 Koller 28R T
3 A W g v RN g T TR 2k i T S Ak O
2 33 ol 7y A8 4 ) W2 g v R E 43 A L R RE Y
SO S Ry E A E R TR B W B U
AR A o o 2 30 Ao RO ASE 17 1 R G Ak A B e S i
JUAT 531 B A5 2Z 18] 9 JC 5L 3k LB 45 it 73 3% 3
WA AR FE R P

AR SO X T R S ML SR T B
SO e 7 AT RS L R AT R OE [ A B
1 AL LA 2 B\ I R 1 R G AT AR Y it A%
R ARG G L T ORE 25 5 U I LA S R A
T R A S e g A, N B T S TTAE
SR FH T B S Sy B 1% e R v I 2 A o R
SRR SR Dy 2 TR Ay A 5 R 2 [
4 S B, Xof I TR 35 2 Bt A R T

1 HEfRHEEITTE

1.1 IER@EMRALEITAE

A B A B T T A P A S ) AR Ak
TE O B ANE () G A6 5 vk Heorp & 1) B 4R
Bt Wk IR 45 A8 i AU 3R R 4 A (BUE T 4y
A 3l A AR B AL Ry iR AR E T LRt
RUBAR AR BRI E X Bl B i 2
2y I = 37 B 2 N A L T E
285 PRAE T 5 A2 ) e

TE A B Dy s e 0 T 3R AL B9
3. Hicks 885708 450 ) 24 ) BUE e (AL R P 5
KRNI E T AL A T HLE AR
THa) L T e T S BB B AL 5 k. o T8
BAEALH R B A BT R G, Sanger™ 45 &
300 o) 2 RE VR R AR D7 4R s — A CDA it 1Y

BUE AL 5 12z, 72 B Y bR PR Z05E D 45 T T g <
SEUE LA AR 8 1 w8 A Bt O v 0 T
5 7 I A S5 R R R AR AR B . BT R T
=4t Navier-Stokes(N-S) Jy F 3R fift %3 19 <, sh B0 H
AU C &9z B T AL PL ot
WAL M B S Z AL R OV TR
e A F) L

IE AR AL Bt I i b i B S SR AE I 2
TEPCAAE & T AT R B R B R . [
1 3 R E D A 722 i 1 722 AT B RE A A%t 2 T Y
JUAAT . T 26 % &3 A P04k B AR v] AR A B s N
e B SRR RE. I A EIR AL A TE ) A
Bty idE A T B R A Bt
1.2 fRULEE

AR STARAC BT FE BT e T DAL B0 o B 42 )R
FCRE Sy Ay s AR5 k. AL TR A T 20 4D 60 4F
K W B Holland™" % J& 23k , B )5 238 Gold-
berg" AT De Jong!!'™ iy gk 2 1 . a8 1% 58 1k
F OE AL HIL R DA BERL A= J0RY 4] 2 A R H 5 3 ik
Xof A RE Hh A AR A TR R B8 LB S A g AR AR
Ve BRI N AR 4 M Y B 2 L 2o ad Z2 A AL, A
A BRI 25 YT 4 0 i 2% I A ) i
L3 MENLASHL

BEE THIERE ST AN A R BB B E
TR B, B TLATT 2 Bk i B A Bt Y 5%
B R TR S R DT T DLy PR — 2K
I 2 v SR e ISR E A 5 55— 2 WU 3 i) 4 o e
Jya A ) TR LR B — 2 07 1 S AR G E SO —
B Y SCE W AR Z AR T IS % T
LA T 2 S0 JRE 2 o3 A o {7 i A iR RE R B
S T7 VA N AT L A ) R g TR DTG 4% 1 % )
TR S RS0 A1 Xof TR P B 1 2 el B Ry 4.

T EF AR AL 25 SR B g v A, g L
o] 24055 - BUE RE 22 18] A4 SCIBE . AR SOR W 3 &
SCEE N WS A b IR £ & I JRE B O3 A 7 s R IR
W 3 B amh 2 (B 1)L 55 1 Be RS 26 2 Bt
[ SR AE e KB BE L8 B Ak i 45, 55 2 Be Bl IR
WA 1 B R4 R 55 3 B R4 1 F- 34

B c

4

YIXR 0 ;T.’C\ i & %""/

D
IWZ

B3 BB N Ik

Fig. 1 Tri-arc camber line



5 10 31

] I 45 < T AR A LR L oo R o T A B R 2311

(B IXFE L 4508 HF 0 R 3 A (ERCHE s 10 LA £ 2 B
RPE AL 75 8 L) e B BE A7 5 st RE A A Pl
LI AR,

JELRE A A o ok 3 B (B I ity 4% i Aok K B IR
W AL S IR AT SC Ik 0 I B R 47 R ik
(i il b T S BCEH

K B3O R R S BT L R g e gk b
JUAAT i1 ot L] S e R B8 B Ao 8 RVES BT e DA
S TN AN R VAR & N & S
3L 8 A S HHD AT B s R LA
1.4 MRAMRRBSNAE

AT B R o R AT T e RR A BT
“£BE Y Giles'™ Hl Drela™ JF & i) MISES (multi-
ple blade interacting stream tube Euler solver) 2
P R SR T JC R U/ B T A G SR T %
) AT AGS(Abu-Ghannam and Shaw) %% 3 451 8
L2 182 Ui - At B TR B AR ol TR T T AR ik
3% . MISES B A PR i S50 55 PE 78 56 BB
W HL P BE 20 B h Bl f .

AR S Ao — 0P R TR N R R AT AR
MR TR R LA 1 MRS CDA I
UL 2 S B ARAS TR O Y 3R T SRR o AR
X EE Ce Dy 3% R0 LU MISES T8 1y - 7 3
AT ER o A 555 0 45 SR W) G BB T T
B 1 /NI B % e 4 BT 1 3 2 43 A 4 5
SCH AR — L B 3y SRR R BT )
oL BUMf @ BN BRI R B w TR R S 5
B 5 R4, e R T4 TH 8BRS R R AU
T LA I HAR 22 TF 1R B A K.

1.0
0O  Experiment
0.8 MISES
. 0.6
=
0.4F
02F
0 0.2 0.4 0.6 0.8 1.0
x/c
P 2 B T A A i SE IR (e S
MISES 3588 %}t

Fig. 2 Comparison of Mach number of airfoil
surface between experiment

and MISES result

0.08 O  Experiment

—— MISES

0
-8 -6 -4 2 0 2 4 6 8
i(°)

K3 SRR RECBUM ISR B S MISES 5 X 1
Fig. 3 Comparison of total pressure loss
coefficient-incidence between experiment

and MISES result

2 SEEHATERMELALIET
2.1 BT =E

X B R AT R SN AR B T B3 B 245 4 o0 4
PEAGZER R ER A LM S RO IR B B i, A
SCHIPEA T R s 1 i R 5% B KRR BE M 2%
SEENCY & VW N D ORS 1o WA O L WA 02
). A B T A i D i D U S B s
U Bows B R, e KIEFEEALE Co Mk
REBEEALE C., 365 D28 Ak 2 b BR A
278 A AE . A B Lk A SR B PR R KR
FELEAE 20 %0 0% K DL
2.2 fRAULER

oAb a R ar 08 5 00 Ak B bR 09 30E A0 56, 10
1k B P ) 18 HCRT B AT 25 AU BT A R0
D EE R AR AR P B B AR EUE
REB wy EARAAIRZ — (LK . 5550, i

0.05

0.04

0.03}

0.02F

0.01F

0 \ . .

-15 -10 -5 0 5 10
il(°)

B4 Hbr R H0M 5678 B B E

Fig. 4 Schematic diagram of relative variables

for objective function



2312 o= 9 o R

%28 &

SIS A0 . 5 T
SRR T P R T 0 Ll i
SRR F B B 2 (AL U5 0 3 4R
e 0 s AT B T R O K
BE BR80T I A 5 B
R PR A H 57 A BIERR R DL e
BRI IL T FE AU A RS e 0.

U A L AR R B A
U R 32K . AL, 6 84 1S A 24
BRI AL MR A H A 5 B
R AL 0. 570 L0 A 4 AW R BB %
A R 74 Bt 1 A 5 e
2 O. 57T A U H 11 AR 5 1 9
1y FRRBR ) — 45 T AR AL F .

ot RO UG B A b s T
Mt |, M

Wy

F = a; — + a, -+
W, ref AB st
“ 7@80 +a (1 4 ‘Bzd — Beduret ‘ )
Wso, ref AP ret

il H AR ek % F R (EL S/ B D46 H B H Bs
PR AL R B a1 s as e s as ALRAARIE DS AL 1Y
0 E S HEAT IR R AR SOy P A DA AU R B
T LA o 2 SR R S RE 19 2 B0k O 3 URE LE
B 2% A AL T Hs Z 8] 64 - A
2.3 MENZTHSH

eI T B L e i S R A T T A Al
BTt B e RO A BRI R B O ik R
ML RLR ] T CDA WAL, H0R ) 1 R 0 {8
BN EERT ALY 2070 5% I AL EL P 4 S S AL
RO A~ D)L it S8k 1. % 1
Ma, 33t 1T Sy #F 50, B S AR AB D8
B N ERIREIE o AP f/ IR T SR
0. 46, J& T 7= it 3 » 1fif e K HE 1 Sk 0. 70,
SRR Pk T A i e b A A A A T I

x1 HEGITSH

Table 1 Design parameters of airfoil

witsf WE A WAERB WEC nE D
Ma, 0. 70 0. 62 0.50 0. 46
B/ 52 56. 1 54.0 52. 8
AR/ () 17.6 12.1 12.7 14.5
/)% 6. 4 7.6 9.5 8.3
T 1. 34 1.13 1.15 1. 11
Re/10° 3.5 3.8 4.0 4.2

FORAS. MRS K W B /N R 3.5 X 100 LRk
h 4.2 X 10°. T I A O (T O ¥ EUCR 3%,
J& F R ASCHL B0 (9% it 30 R 4k 452 16 s 9 R X
AT B R AR /N

& 5 2 MISES il i) B v B50OF i It B2 XoF 1
T3 TE AR A (o) 52 ) B A 0O i 3 32 ) 1
T s E A T S5O R A 1) RS Bl Y TR O i 2
3.5X10° B, 78 He AHL B 7Y 3 O B R, B A A
E4HIE & 5% 5% K L. Schreiber % JIE 5L T
X4 A AT 3 Ak A S e e BAE R RO
PER L Bl it R K B R T AS & AT 2% B
UE. IR A4 SRR BRI Y R R AE 1026
%A LA,

0.4

——Re=3.5x10°
—/— Re=1.0x10°
O Re=0.5x10°

0.3F

0.1

7%

PSR AL BE A JR 5 07 B 1 5 T

Fig.5 Influence of Re and T, on transition position

2.4 RUERSW

o fbmt 5 5 CDA B JEAT 76t L. 6
AT G B R0 2% 2R 80 B R PR T b BT
WAz TR A 5 D SR, W LLE
DA 5 A 0 Bl L i ke 386 K, G e £ 35 3
B0 ds R B T IE O S S CDA LA Y.
Horp iR A AR IS S B R BB A T AR
HE SR BRI A B D AR T R #E R
i AR B R 19 15, 374 i/ & 19. 47, AL D X
N HESAIL I o TR, Xof b TRD R SRS ML 55 - T
BN G R Sy A AR oy ot Lo JE
AT 2% 1A ¥ B9 4 58, A DA 78 5% T 8 0 5 ) 4
AR THR S HHLAE T 00 1 fE.

I 7 W] UL R Ak R W {07 By CDA
R 20 Y0 5% K BT RIS 24 10 2055 , [] e Lkt
JEWE(E e CDA Wy B4 fr 42 &5, 0 (8 )5 11 B 3
B W ™ B - % ek K 5 R 3K e AR
218 H B 53 A0 8 =X AH 2 A AH X CDA i RUEE Oy
R B AR T I 28 5 350 1) 71 o



% 10 B e i, 457 « T ADIR EE ML SO B o A B e Y 5 2313
0.05 08
= Baseline
0.04 P —— Optimized oy ~—®— Baseline
- ' 0.6 « N — & Optimized
0.03F \ % '. > .
|§ < \\‘ .._‘ = ! s —
R S04, e
0.02F » : ———— N .
s S
0.01F 02
T I L B E . : 0 0.2 0.4 0.6 0.8 1.0
il(°)
xle
(a) FFRIA (b) HFEID
0.05 7 ARAGHT BT R B SR TS R X L
Baseline Fig. 7 Comparison of Mach number of airfoil surface
0_047 ~ & Optimized at design point before and
after optimization
0.03F
= TR I AR DA 5 0 28 35 0 08 R W E R G Ak ik 2 2. 8
0.02r . ’ e A A3 RS S Al 2 B JE IR R 0 B
001l T AR CDA 1 CJENS (b)) [ - 5 U {1 19 4
ot 45 W AT A 0 e A A N L R AR AR S
o ! e TE B EREIE T CDA i A % 3 50,
il(°)
(b) IHH-HID il
PR 6 R I A T 4520 R A -1 0.8 | T Spimized
Fig. 6 Comparison of total pressure loss coefficient- 4 65
incidence before and ‘after optimization g .
0.4
TEHEIE R Y 6. 5° 1E AR GZ S 7E A :
A5 R B A PR 6 R %) . L D Y CDA 0.2¢
I A Ak - TR R WG g T i 5% 7 A R Y 3 R ): R
I i (PR 8 Ca)) o RIS S B0 i 1y 450 2% AT o we
TR 3 WA IS AR PR 7E 100 3% K & 20 055 K (a) IR T D AR A
A TE AR T H KT CDA AL {H M 20 % 3% K A
2 6026 3K 4 AR B FILTARHE A 1 CDA i s | [ Optinized] |
------- Baseline
1.0 T2
~
s —=— Baseline 1
0.8, —— Optimized | | | | |
) 0 02 0.4 0.6 0.8 1.0
o L0 x/c
s ‘\\\ =y () W EIARA T
0.4 K8 My 6. 50 ARALHT G MR D g X L
» Fig. 8 Comparison of flow field of airfoil D before
0.2 and after optimization at incidence of 6. 5°
I R ST 7. 57 % 546 A0 2 4 o
xle B AL E AN 6 frs) . it AL D ) CDA it BI7E s )

(a) MFTUA

T 7 AT AR K i G o B U L, T TR 3 T g 4K



2314 w3 ¥ M 5 28 %
PAE] 1.3 24 00 A IR AT B WAL IO S AR

RURA S5 4AE 1.0 RN Can &1 9). 38 1 /i Z X
R 7 3 0 & B, CDA I 50 75 1 % 138 04 A1 )5
B TA7 2 d 2 R Ak R R R R R A AL
DUAS Y dab . by Ot R L BT L A Ak it 7R A K B A T
LIS 1) P B T3 2 A ) T R TR 2% B 1
R (A /0N AT 0 (S A T A A PR
WK, EET RS SWARMNEENG R, K
0 B RS W TR 2 1T 2 ) 0 A v 7 T ) TR R
S5 DX 35 38 b 0 He 7 TETR 2% AT RS A0 BT B/
FEOR A O RS 1 3 B2 A AT LU %9 98 i 25

3 EIEEIRATEIADIRIT AL

10 g 25 B e B v BRI % e bk 1) O A ot 7Y
5 CDA M RULr X b, BT RLF - Fi % 4R i K=
JE A7 ) S T A% L O L HR A 2t B K AE IR ) T
Hh ) 5B 40 B — B 5 XL 2 11 SR ARG, i AR
(b 3R AR b A R ]

2 2H W T A5 M BLAR AR HT JE LA S 8 B
P b,k B LA A AR XS CDA i ALK,
RE LU AL A TG I T R R RS B 6 R R K e
FLE I CDA M RIHTES B 1 2 i 508N . =

14r

1of e B A b . B i CDA &L 0. 58 ~
[ h

N S P Baseline 0. 65 MR 0.65~0. 73, g KJZ N E i 0.33~

< 0.8f
=
0.6F
0.4F
02F

K9 T —7. 5w AL AT R A D
R 11y b FOou e
Fig. 9 Comparison-of Mach number of airfeil D
surface at incidence of, —7. 5 before
and after optimization
——Optimized
e Baseline

0.37 W /NZE 0. 24 ~0. 31, Widk 8 B A & W i
0.36~0. 42 J/NE 0:26~0. 35. Lk 3 NS5
78 A 3 WY I TR ) 67 e RS & T B B O A TS i 2
g s m IR R R b Nl B2 3 W i I R =<
AN TR D, H S HOHEYT CDA RS fh fe K
HE LA 3G L 7, DLl MR 1 4%,
JE LA R 008, i KRR FE AP E BT #8 0. 09, e K He
BT B RTAS0. 1 T 2 5 Wi i B A 3E i
A T BRI B G n] A5 A e RO RS 8
AR AT 1) RS Ak 1 R B T G T R I B AT A A
k.

B 10 fofbnt# 5 CDA M5 LA %)

Fig. 10  Geometry comparison of CDA and optimized airfoils

F2 MBGLIENILASE

Table 2 Geometry parameters of airfoil before and after optimization

A A B -3 C M3 D
IRCE 23

CDA mH#  fffemt#  CDA M fRfbnt A CDA nh#d  fifemtA CDA M- ffbnt

Bim 54. 8 55.3 59. 6 60. 7 59.0 60. 4 58.1 59. 8
Bem 28.8 29.8 39.2 40. 2 36.0 37.2 33.2 34.6
R. 0.58 0. 65 0. 64 0.70 0. 65 0.72 0. 65 0.73

: 0.37 0.31 0.34 0.28 0.33 0. 26 0.33 0.24

C 0.42 0.35 0.38 0. 30 0.37 0.28 0. 36 0. 26
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