DCSTAN -

CSTAM 2012-B03-0149
FRTHRFELFHREEARLRAR

i, EEE*, Choi Kwing-So*

TR AR K 25 B
BT RA¥TRENR

FtREEERAENFERSIL
20124 11 B 12—14 B T/ -#4#k

Copyright © 2012 JRIUFTH 1 E )24
Huhib: b PURRVE S 155 BRI I5:100190  Address: No.15 Beisihuanxi Road, Beijing 100190



FtEEERENFZERSY

CSTAM2012-B03-0149

20124 11 A 77 - &8

=S AT B HALE A A TR -

~ y * < * . .
Bk, FEHE", Choi Kwing-So’
* CAERTHUE MU R Z AT 5T, 165t 100191)

+ GF TPORE LR R, SEE T NGT 2RD)

FEE FIH A B AR A AR TR B R S I TR, JEXT — 4k NACAO0012 378 2 i 5t #5161 o
¥ NACA0012 BRI JGGANRL, PRI T14 5ty 9SS R A JBELA24 B 55 28 1A Sl A8 4
Flo N ARl 5 T BT 3 R IR S A, T S O B SR R M SRR ) i 1
AN A e B SRR P TR ST S G Ak, A G R B T R I SRR 5 1 M AR
Weo 7E X AR L B AR ST T 4E PIV RS0 RSl dh AT T W6, 3T RS2 K 1 8 i 4
Re=20000, 45 L5 B FARBB M6, AL I RIA T B0, R 77 1 0 415 216k
A, DR A R AR g T W g DA R DT O T AR B, R T SR A R . XU R

Iy S8 1k —
FH L BEAT 42 1) 00T 7 S PR i

KRR A TRMERER, B, KIASEE, PIV iz E,

5l

il

I $] (Circulation Control ) & F) H
Coanda Z% N HHA TR Iz HIK— Ry R, &l
WNHARAMmESMER E, wiE 1 P
Ne EFGNAYfG S bR T —48k8%, 14
ki, ) SR A I T 4R B ) Coanda
RN AR T S 2 735, DN 03 3R 5 2 (1)
BE RN . PR ] DAAROK 1) 4 e 38 28 1 T
73, A B R A T R A A A

AC,/C,=80.

\/,,b,
C >
K 1 gk m sl m K

A THIEFE Y0 R 3 ) B A AT T AH G
WFgE P, B R S B A A S, AR
DA TAE. JohndR i, 7E1974E120044 (1],
I P AR R S BT RALSEEL T %
APIRAET 33 B R S R s R (1
PSR B o, MR AR R
Ge, A SERR N A K BN LR SILEG AT
SRR AHLBCR I A Lk, IR R

D R I H
2) Email: lhfeng@buaa.edu.cn

DAL T I B TR AT RN o RSB A, T 3R T ) AR AL

L

45 T EAL IR G 2% FL A Coanda R0 Y 11 5 9K 1T
X RHLHIE T2t T S s sk, (A
T A

DRI, A7 6 SR F FLAT S N H 7 i (1 BR
AR R HET A R BE R T Y A A
Woh A T UL S S A R TS O R T
Zhang % U H R A 25 B AU # 4 h IR
P SRR, K H B T B 9IS 2R B3k
[l BUEBHURE TR, %05 & AR
AR TR JIE AC/C=135. FEILIEA
by kBRI 2D B R A R R A T
RIS, BUE BT TR W] L T 2%
HIEF AC/C=114.

Zhang SRk S8 e ST 0 2R OE
P MR TR R 5 % A AT Coanda [A]91
T, PR TN VS B, AP
T Tl AL A B T A5 B T AU s 1 A R
s, A REAE G WY T AT AR T k1%
LR

1iRI8 7%

SEU6AE W T IR 2 AR 3 B IR XU gk
A7, R SEEG BE R B 1.5mx0.3m=0.3m, [ 3k
W SEAE 0 B 5.5m/s 2 [7], S50 BOm RIS /N T



0.5%. SHARR R NACA0012 M, %K
c=100mm , J& & b=250mm, JE ARt IH ¥
blc=2.5. HAR AR, Rt A —
J2 G (RIS o ABE IR P 000 el P A 1) 60 g RUE
43512k 300mmx200mm [R5 L3R v i — 4k
PEo AAAR IR e S RIS R, x By
B 23 9 6 1) A8 1) A )

P 2 B 155 B AR B A IR A P s R

ARSCPT 4 R I A T 5 P AR R
TR {1 i BEL P24 80 P 55 18 PRl s A 1S, P
2 fine REASAEE TR A S A
2.5mm [FRRERHEA, —ANTEEN 6mm [E 5
R, AR TR 4 S A T, R ik PR A
FLL AR 2 T it o e s g AR L AT L e LY

RGP 2R, IS Rl
AT AR 53 SRAT 55 B - AR s 42 6T I 1) 2 B 3
B M, 3t c2MipU e, Hh p J2s
R, RGEE AR RSN R
ACHIZAE R 0.017,

K ZHEBN AR E R EAE) A
b, R —H 3mm (K40 AT 27 5 38 0 o A
PRI 25%c WAL . ROV HRS B 24T
+0.0IN, XN T 5% Tt ) RE. FISE
WK AT — 4k PIV R&ME. KA
T Litron LDY302-PIV %Y[¥] Nd:YLF X563
JEERAE N IR, HINET 100W. /REFRLT 2
HAE lpum 224 . b7 E5 R Phantom
V12,1 B S A HLEEA T I . AL ) DL A
] 7 HER 3000 1280 14 35x800 B3k, Tl
(1) G L BT Y5 4 -0.3<x/c<0.4, -0.2<
e<0.3 . RAEMFE Jy 2000Hz, K AF B[] /&
Is. FH Dantec Dynamic Studio v3.0 #K X} J&
LEEAG P P BEAT AR B, SR T M OGBS 1%
THELIS R H ) X 11 32 (X332 13 %, 2T
DA K e ) [ B2 8 %6440 4 50%

s : 2

—ANEE R BT RO e HE

Gkt JLob B R RS RS & ,f%a R %Eﬁﬁ* SR A
5.5mm, PR IR B LU, BRI 2.1 AR m O

SETIRINGTE A, A TN TR S (i F
IR LT Imm. S AN T AN
I 5 70 S T 00T 5 0 905 AR
R — B B 5 % Imm, 78 25 AR AE AR
BB, PRI T, A T TR
JE SN BB 3 B L 3mm. SRR
i, FCERER 1Tums 4% A SR S 4
B, JLEREN 250um, DA oo Vi e
FR LN LR RN . R FE I IE 3
VMR T N, 2 HORR NI 1 4825 A SR T
SRS, TRRRAEE TR IK .
FIREHR T TR T 5 B T i o
P A ) RIS 407 1 BT, T IR g
TR F 258 B R LR 42 7 2 5 ) F 30 7 1) B T
-

SEEG I FR ) B BRI U,=3.1 m/s,
FeFRA LK T EZ N Re=20000, 25 2
AR 2% 1 9K B o U WA 8KV, HR
21KHz. 7E 5k LIRS Ao ok i (e g iy — 4k PIV

B3 4t T ARIB FRIA
Yoty o=0oRt, HFTRMEIAH TR, R
e nrs i s R L
3a) o NSRS RS LK 3b) , k)
WM TR T 0, i
Je 1 HESSATAAL 25 B g R hib s 5 0
S 5 SRR 2, Y A LA T A
TS5 T PR B b T R TR, L
G 1 43 B U RE R AR 2. % BT
WAL T MR I, O T R
B, AR R B y BT
DU BT 8 R A 1
P, R A R LA LS, T
IE] amto 1 a=8°IN, A TS o FETE I 2
SRR S A T (LI 36 1 3e) . il
i 1 25 B P 2 M L 2T
BAY B, % B A T A8 (0 0
ANy T — 5 0 B 0 4



M s Mz

(a) a=0° (b) 0=0°
m:::::::::::::::: | —
\“‘““\\\\\\\R\‘ ::::::::::::::::
E 0% 0»
03 02 -0.1 m-4 03 02 -0 m.4

() o=4° (d) a=4°
0.1\ 0.1\\
T ——— N e

(¢) a=8° (f) o=8°

0.1 0.1

-0.1

?%

|

W/

-0.1
03 02 -01 0 01 02 03
(¢) a=12°
020
S

0.1

y/c

-0.1 :
0.3

-03 -02 -0.1 0.4

(h) a=12°

0 0.1 0.2 0.3
— @L

M

l

/

Op =

S
e
-0.1
-0.3 -02 -0.1 0 0.1 0.2 0.3 0.4
x/c

Kl 3 B L oA

T LB 3d 36 o BB a=12°
I, H TR SE A R, MR T A TE
N L] ST S 1 R A S e N AT H N A B N A
# (WK 3g A13h) .

Pl 4 LA T A il fin4as o) Kt 42 sl s AN [
IRV S [T i ST vl 11 O D 3 e
W, JRRI a=0°%1] a=8° 0], W& Jjui s
TR A 5 T O RS R T AR TR], R T
5 PO SRR B, il I A5 2 AR R g ol
BT W) IR, N TR ) g, [
R o e (LA 4a 3] 4c) o HAYK
WG a=12°, 55 BT AU BRI/ T )
DTG B BE [ () i B, RS B0 I T BE T
BT, SOk, R 27 R A £ 29

WOOE 4d) o Wk, WERASORE, %M
B X A A s A R 2R R g T o
TGN Sy, s ) T e i 34 s g, 1 3
T RMBER I, R T AR R T
AR 4 SR

Bl S &5 T I T R 1 30 3 1 732 4 DL 58
R UNTN e AT W R WA AP ALS NP A
BN N O o NS B B A AR
FNEREEVIE, I HAE RS FihE 1
AFREME A LA . HS, MR
T IR R i, SR R R N YR L]
Sa, 5c Ml Se) o jlhngE e PSS (LE
5b, 5d #1150 , BT I )14 ERIRGL I B
2 US43 B 0], W T i B )



04 03 02 01 0 01 02 03 04
x/c

K 4 A A EE R -O-, RS -@-, JndEsD

8 4 0 4 g
P Ny E2S it fn g 61
(a) a=0° (b) a=0°

03 02 0.1 0 01 02 03 o0<¢ -03 02 .01 0 01 02 03 04
(g) 0=12° (h) o=12°



we

a(®)
(c) THRHEL &%

CL/CD

0 4 8 12 16
a(®)

(OYERES

20

K 6 Iy At (-O-, ARjtihndzsl; -m-, Jl s

JEA ) AR, 1 I D T R B DR AR 9
o O A s T Bl s B3 1k T R S ) o R
BIUIZ, M T LR A0 R 2 8] AR A
WA, TR b 5 B AR B R E
R (i Bl 0 Rk 1 o, DR R 47 7
{183 52 25 iy L A it o2 o B AR 45 B Ok B A SRk
At e=12° (OLIE 5¢) , mI Wi
SEArE, YRR IR B, KR
BN EMOR R RS I Eik, IF HAE 1)
AR R RE R R AR R IO I i e R

L it 005 15 A s ST 2 32 98 3 A P S i AR
/N CILE Sh)
22 SEh HEE

Bl 6 4 AL S8y BB IR AE
it A ST T4 I 4 AR R s, AT
HRB AR A FPE, SR b
WOk THEAM ) ZAM I (HE 6a Al
6b) , ZEEE S A G0 B R 36 Tk 2R AL
BT 22 i e i IR N 4C/C=9, %
H/NF e B bl g5 1N, 2 BR R 3k



2 R LA G S BT S H2AH R 3)
WA, AR PSS T AR EEAREL
Traub %5 !OV7E 3 J5 2047 3 B2 /< 1) 2 1613
Ko WRAL, TH I ABE 7 48 0 S bl A 2
BTk /AN, AERIREBA o=10°4b, T+ &
HIGINT 16%, FHJ REIEIN 25%. FAILS
INT a=8°LL K a=8°F] 12°[TEIH N, %58 71k
IR 4 4] 43 590 R DA o R0 gk o) T BH B R HL
o=12°)5, FHAHLERBEAR T LA (ILE
6¢c)

34 it

I FH A8 5 1 R ah 4 T LAS S 2 B i
WA, ARSCHEH T — R E T A S
GETHBU SRR E R, TR TR
Ja GNP, SOl T A G SR
AR EREE ) Coanda I ) oy BR A o T 3T X
TSI T iZ BRI NACA0012 FREER )
PEthlo WFIRIARMT 4 PIV I3 2 A 46 20 4R R
P A4S B A ) A A 2 i, s
TS 43 2k, PR1 b 3 AR 5 I (1 W 77 LA
SR T s g #4320 38 I, 3R R0 T 3
PRI o I P ) SE 56 3E— 3P 30 AIE T 1% 34
TR A R, s BT ) &R
HORN B 22 B0k e A L B 10 T o
Wiks, StEGIEi A PG AR R .

B3 30k

1 Englar R J.
aerodynamics: blown force and moment augmentation

Circulation  control  pneumatic
and modification; past, present, and future. AIAA
Paper 2000-2541

2 XA, P, AL BRI R A R Se i
ST, HEEE E, 1996, 26(1): 91~96

10

11

12

13

14

15

16

KRS, AR b, R PR R SR E) A SR
WAL, CREHWIFE 224, 1999, 20(1): 30~35

REE, MR, 208, WREFE. P8 ) 3L o
RN BE R, TR A L 2E4R, 2010, 31(9):
1475~1479

Min BY, Lee W, Englar R, Sankar LN. Numerical
investigation of circulation control airfoils. Journal of
Aircraft, 2009, 46(4): 1403~1410

Swanson RC, Rumsey CL. Computation of circulation
control airfoil flows. Computers & Fluids 38 (2009)
1925~1942

Dygert RK, Dang TQ. Experimental investigation of
an  embedded
propulsion/circulation control. Journal of Propulsion
and Power, 2009, 25(1): 196~203

Nishino T, Hahn S, Shariff K. Large-eddy simulations
of a turbulent Coanda jet on a circulation control
airfoil. Physics of Fluids, 2010, 22(12): 125105
Nishino T, Shariff K. Numerical study of wind-tunnel

crossflow  fan  for  airfoil

sidewall effects on circulation control airfoil flows.
AIAA Journal, 2010, 48(9): 2123~2132

Rumsey CL, Nishino T. Numerical study comparing
RANS and LES approaches on a circulation control
airfoil. International Journal of Heat and Fluid Flow,
2011, 32: 847~864

Vorreiter A, Fischer S, Saathoff H, Radespiel R,
Seume J R. Numerical investigations of the efficiency
of circulation control in a compressor stator. Journal of
Turbomachinery, 2012, 134: 021012

John L L. Why have only two circulation-controlled
STOL aircraft been built and flown in years 1974—
2004. In: Proceedings of the 2004 NASA/ONR
Circulation Control Workshop, Part 1, NASA/Office
of Naval Research, 2004. 603~622

Moreau E. Airflow control by non-thermal plasma
actuators. Journal of Physics D: Applied Physics, 2007,
40(3): 605~636

Zhang PF, Yan B, Liu AB, Wang JJ. Numerical
simulation on plasma circulation control airfoil. AIAA
Journal, 2010, 48(10): 2213~2226

GREEIE, e, RV B VA B o S A T
HiR. REEL HAEE, 2012, 42(9): 1046~1053
Traub LW, Miller A, Rediniotis O. Comparisons of a
Gurney and jet-flap for hinge-less control. Journal of
Aircraft, 2004, 41(2): 420~423

EXPERIMENTAL INVESTIGATION ON LIFT INCREMENT OF A PLASMA
CIRCULATION CONTROL AIRFOIL

FENG Lihao'

WANG Jinjun'

Choi Kwing-So”

(1 Fluid Mechanics Key Laboratory of Education Ministry, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

(2 Faculty of Engineering, University of Nottingham, University Park, Nottingham, NG7 2RD, United Kingdom)



Abstract Based on the flow characteristics of the dielectric-barrier-discharge (DBD) plasma actuator, novel
circulation control technique has been proposed, which is used to control flow around a NACAO0012 airfoil.
Since the trailing edge of the NACAO0012 airfoil is not a circular surface, the circulation control technique is
constructed from two DBD plasma actuators. One is attached to the suction surface near the trailing edge, with
its induced wall jet the same direction with the free stream. The other is attached to the pressure surface near the
trailing edge, with its induced wall jet the opposite direction with the free stream. Time-resolved PIV is
employed to measure the velocity field in the near-wake region, with the Reynolds number based on the chord
length Re=20000. With the plasma circulation control, the flow over the suction surface is accelerated, while the
velocity over the pressure surface is reduced. Thus both the suction and pressure over the airfoil are enhanced,
increasing the circulation over the airfoil. The dynamic force balance measurements further validate the
efficiency of the lift improvement by the present plasma circulation control. The plasma control increases the lift

coefficients over the entire angles of attack.

Key words plasma circulation control, airfoil, wind tunnel experiment, PIV measurements, force acrodynamics



