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Separation control using multi-array/multi-location synthetic jet
Sang Hoon Kim* and Chongam Kim**

ABSTRACT

Separation control has been performed using the multi-array/multi-location synthetic
jet on NACA23012 at high angle of attack. The flow control using single synthetic jet
shows that stall characteristics can be substantially improved with delayed separation
point. Theses results show the characteristic of unsteady flow of single synthetic jet.
Beside, we researched on multi-array synthetic jet to obtain applicable synthetic jet
velocity. Multi-location synthetic jet is proposed to eliminate small vortex on suction
surface of airfoil. With the results, we concluded that the flow around airfoil is stable
by high frequency synthetic jet with elimination of small vortex and confirmation of
stable flow. Moreover, performance of multi-array/multi-location synthetic jet can be
improved by changing phase angle of multi-location synthetic jet.
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a8 3. Lift coefficient curves of single
synthetic jet

shed ok Aol o IA LTS N F £
AL, FiFez L TFFSE F5 de A
olo] a7z AL & T & U

Oy 4ollA wgZto] 225 ZH-$, synthetic
jet peak £=7F FUF =9 381 H-H(V3),
F+7} 19w} o9& vigle a3xgo0=z Ao 1,
o Swol & 9lFo] WA FHA LI}
Fr71Hoz2 A% e RS A & F U} o]

o
=
o
=]



12 ALE - AFS

BRI T B A

AgAE FAAT Ee Aole oA YA
Agsh vnstd Ao FATE T 4 Ak W
W P47l 20 A9E Fh 19 499 vl
ste] Alols} BRHolA Rajel, o7 SRyl
vtz fEo] Aoz =tk 18] synthetic
jete] F7I7F wrom Zolgo] FuiHor z
aneg osg AL F, FHY HEFF
H AR, FF9 Fe 9452 ¢ FoHh
oJRAL HA ¥ fFEE nIY TFY A7
2 Zt3 YA EIEZ, AAHUEA HE HE
B fEes F47F 8o 2EE F+rb 19
75l vt Aoz FYEAF JFZFo]
F+7} 591 Af= A F Afo vs
synthetic jete] F717} ooz A9 vg #
S WHEA| £33l synthetic jet X9 HE
THZA X AA fF W E FAsA A
th o] AS & AESt FFEE AUASG
] Hlg] Z27] wiol] A de &
TEEA Ha, od EE/FY
o FEAFY F718A JFFo
< A & 5 itk H9 g
2 9y g9 FARHY g,
49 JduUXE g3 circulation
Z7H 71 988 stAl "o
agla FYSE £7 circulationg £7HF o=
ZAEAFIA Ao 28 ERE F+7) 59 A%, &
T Ao HE] AFFe] F Ae & F Ut
Synthetic jet peak £%=7} FYF &£=9 23
vl A¢ gke] A F3te stall E4& A

flo

i

(o]

o -
$HWE4
o N
J}dl‘lﬂﬁ:mlru-l;"ﬁ
1o>i =

£
Ty o
o]

[ Jo ox Mo off K2 2 Hr off
ot off & off & x o O

@ o & o

o
r}moH

(@) F1v3

(b) F5V3

a3 4. Phase-locked streamlines of single
synthetic jet (AOA=22" )

a2 5. Enhancement of circulation at F+ = 5
(AOA=22" )

g F UAe AE FA & F ok w2
SHA @& FEolM9) synthetic jete] TEE 3
g g fEdte 540 o vymAe A= 24
& 4 Utk synthetic jetS AA| 7]Ao] &3}t
71 9134, peak &&= & 7h5d WA FA AlE
4 Slojok F}h ol peak £kl BA e
synthetic jete] HWHH I WY F& FAaAZ
A3, o] A$ A ¢ 2 synthetic jet type
A2¥3E 7tHE & Ak olE HEY &=
w2 gynthetic jetg FREFHoZ wjgdsld 1
Qe setsl mske
.2.3.2 multi-array synthetic jet
71229l multi-array syntheic jet9] slot A}o]
AL slot Go|HF (G2 stk WA s
zZt 2xoX, T (22 Al 7H(3) synthetic jet
2 u@s wdstel 0 54¢ sheks Rt
I 694 E F ARl FEF £=9 2ufel
3] F3t= synthetic jet peak £=E ZE= multi-
array synthetic jet® 2 @ synthetic jetel]l <
F &% 3ulo] siFsts &2 Ao Aol 7}
e A% dedg 89 @ & A 37
Aoz AFde FHAFY IFx= @d
synthetic jet] -9 FAHE ZAE ¢ & Utk
¥ 794 multi-array synthetic jetl M= <
g de] & ool A S A7l= we
#5358 nddo FH L F/MIE 9EE I
I

Jn g to Y

N

P

AL ¥ ¥ 5 Ak ders] AP FFHE
oA ool ete] B3ol sk olA ezhel
¥ 277 o BASE AL ¢ + Uk 29
g 48 9de ge gdEe AT 42 #F
AR 4G BARAA Do ke B



9034 & 8 g%, 2006. 8 Multi-array/ multi-location synthetic jet-& ©]-8-3 8}2] Ao 13

2 e — e NE 2& F71E2 &34 Ed o]Ro g I3}
F1V3(J1) o FRZA FFF FIY FAY FIHF=E
' ‘ sHAl = 7] W&ol FHASF F7I
18} A Fve Al AEFL AXA ot F, A HEHEFES
/ \ J/I/F%ﬁ %1\1 AojiaA, £22 st @] Qe =3
—  [Fiv1 e L F2v2 A £ 2 =713 o 2M circulationd Z7}A
© 12} : - 7e 98< s Bk
o . Y 8, 9= 3jetd 7§ synthetic jet slot A}o]
no control o] 79| Wslol| W FHASF AolE YE
Ak A 12%0] H4X& 3jete] A Aol
o] YolAHEXM FEAF7 Ftete AS &
A & 4 A}Th o] HE F+7} 52 FIlslAE
22 73S HAth Multi-location synthetic jet
a3 6. Lift coefficient at flow control o] AL x Alo]ztAo] WA wiat oF7te]
(multi-arrray synthetic jet) YoAso 22 HOE RS Fol @ = 3§

o8l

|
!
|
|
+
'

[oX -]

phase = 0 == : GAo A 12%°] multi-array jeto] 3] U
— - S A% I Abo] 7HAC wel 9F o] wA

= = 7

0

a3 8. Lift coefficient at flow control (multi

(a) 2 jet (b) 3 jet -array/multi-location synthetic jet)
% 7. Phase-locked streamlines of multi-
array synthetic jet (AOA=22" ) Ll T T T T
22 L I
|
A e E AA & F de WHol a7EH & 2 ! :
of dwtz RE F+7}b 19 A9 ¢y Fe] 7t 1 ‘ |
% 27 Aok AL FASYT, F+l 52 A Bhy £ 2 2 5 8 810 8
Hog Fd47t 2 A% WHf5L Aoz _wpl L oy o5 8 % Sig g
gasA Aol & & g FAsAk 2k O2EE © C R B o
2 oldd 4y e BAsE k5L AA F ' 3 8y i :
71918ke] & Fo4e] synthetic jetg ©]-§3} ! o
i- i ic i EQNO ylots o8 |
Oﬁomultl location synthetic jete] E/3-& 3}o}3] | Co—— |: }',:%1\/22‘3’30‘) ::ﬂ%12p,3|0p
Hotoh. P T, B W FSv2
2.2.3.3 Multi-array / multi-location synthetic jet 0
. o . . o
) 2)(95} i’etg_ o];g-s}Cd mu]h-locat;on jetell o a8 9. Lift coefficient at flow control with
g 54% #osidth dxozRE FE=9 gap effect (multi-array/multi-location

12%9} 30%¢°l 2H¥ multi-array synthetic jet- synthetic jet)



14 FAPA

15

BRI 2 T R

g e e )

l_
——

05

50 100 150 200 250 a0
phase

a3 10. Lift coefficient at flow control vs.
phase angle (multi-array/multi-location
synthetic jet)

dhe e oFel 2719 =7t Sk WE
Aoz oAt 22y multi-location synthetic
jete] A$ e o}Fo] EA A %1, circulation
o] oj® JuUXE FFIF=UsF FH GTo]7]
7o slot ZtFo] J3Fe A VA Fe AL
2 dedn.

2] Aoz HAAFHoz FFHAFE F
& & UAT synthetic jeto 2 AF FHAF2
A5Ee Ag A & A5 v
3 AA ST 3 9de 9% 3§
dHFA " fFEE FAAIEA 2
circulationg Z7lA7]1 FY L =Z circulationg
g4 #ZAA7Ie 3L FilA Jeihd Ae=R
daE. oA 37| P A H
£ 8¢le]l=2 7} multi-array synthetic jet 7Fe]
phase 54& o]&3td 1 AFEES Ao & F
A=A 2 5L Fots Bt

19 10914 multi-location synthetic jet phase
7} 180 o 7S A& A L%S WY FF
o2 FHAFY FZFo] Zo] E RE A F
F AT )AL dHAo=REH 12%° YA
multi-array synthetic jetz} 30% X U= jet
I M2 ol JtHA FY/EES sV HE
olt}. oA LS B M circulationo] ME AHHE &
BE 7t S22 UM SHAFY AF Fo]
A" Ao g ATHATH

m. & £
NACA2012 %ol tjeles} 1wz, 5& o

olE24 YA v AdE FIAIIAG ©
4 synthetic jetel A F+7} 1d A%, jet peék ey

=7} Z7F 5=, vy Aojo agF ot 1y
U AA ZH e AF A] peak =7t FHE B,
FA 3718 29 F o] E&AHOE AA,
A& & 4 otk Multi-array synthetic jetg o]
£3}a] synthetic jet peak £T & ZAAZ F
A< FQl AT 2 &A 12%0] YT
synthetic jeto] oja} WA= ZAe 94Fo] g
Aol F ¢ FUtol E JEFE HAAT, fFF
o] E¢tH3l7] wEol multi-location synthetic
jetE o] &3y, FRHoZ WA= g E A
Adte AAHE F5& FrE = J&S F2 3t
Atk 223 F+71 59 AS FU/EES o83
o £7tF oz & FH| circulationS F7}A]
7 FHAFY AFEo] AA= AL A & F
A3, o] AL multi-location synthetic jete]
phase angleg ©]&3tdq Aol & 5 USS &<l
st

FEAl A AA FE 7hsAHe E°17]
9l5le] synthetic jet peak £=& Zolv Wi
I fFFY MR AEAGgRE AT S 4] A

o obd ANe +9 s 1 54 et
Hotth Multi-array/multi-location synthetic jet
S o] 83t 7} parameter®] 5/4& ItEA,
I AFARS o 23y 1 parameters
o] FzAgoz 3ty AEHA Y Hs F
& Folivldle 2 7 AA 4o e
TEHQ FEA WY FEE dd HAH 4
AZIME =U3te dA 2] parameter®]
4 zge Qojol ¢ Hoz HTrHEh

7|

£

B A7e FwRsdTs 2 AgUstm vl
YASGATAE MEMS 714e BEF 55
FEA) 7% Ao A7H Aol 4 A7
AzAYch

ild]

ra

Iz

1) R. D. Joslin, "Aircraft Laminar Flow
Control", Annual Review of Fluid Mechanics,
Vol. 30, 1998.

2) M. Ga-del-Hak, "Flow control :
active, and reactive flow
Cambridge University Press, 2000.

3) E. G. Collins, and J.
"Influence of sound upon separated flow over
wing", AIAA Journal, Vol. 13, No. 3, 1975.

passive,
management",

Zelenevits,



4034 & W 8k 2006. 8

Multi-array/multi-location synthetic jetZ ©] 8- u2] o] 15

4) A. Seifert, T. Bachar, I
Koss and M.
blowing, a tool to delay boundary layer
separation", AIAA Journal, Vol.31, No. 11, 1993.

5) A. Seifert, A. Darabi, B. Nishri and L
Wygnanski, "The Effects of Forced Oscillations
on the Performance of Airfoils", AIAA paper
93-3264.

6) A. Seifert, A. Darabi and I. Wygnanski,
"Delay of Airfoil Stall of Periodic Excitation",
Journal of Aircraft, Vol. 33, No. 4, 1999.

7) A. Seifert and L. G. Pack, "Oscillatory
Control of Separation at High Reynolds
Numbers", AIAA paper 98-0214.

8) A. Seifert, S. Eliahu, D. Greenblatt and I
Wygnanski, "Use of Piezoelectric Actuators for
Airfoil Separation Control", AIAA Journal, Vol.
36, No. 8, 1998.

9) T. Naveh, A. Seifert, A. Tumin and I
Wygnanski,

Wygnanski, D.

Shepshelovich ~ "Oscillatory

"Sweep Effect on Parameters
Governing Control of Separation by Periodic
Excitation", AIAA Journal, Vol 35, No. 3, 1998

10) H. Nagib, "DARPA XV-15 TiltRotor
Micro Adaptive Flow Control (MAFC) Flight
Presentation", URL: http://fdrc.iit.edu/research/
nagibResearch.php [cited 31 Oct. 2005].

11) D. Smith, M. Amitay, V Kibens, D
Parekh and A. Glezer, "Modification of Lifting
Body Aerodynamics using Synthetic Jet
Actuators", AIAA paper 98-0209.

12) M. Amitay, B. L. Smith and A. Glezer,
"Aerodynamic Flow Control using Synthetic Jet
Technology", AIAA paper 98-0208.

13) L. D. Kral, J. F. Donovan, A. B. Cain
and A. W. Cary, "Numerical Simulation of
Synthetic Jet Actuators", AIAA paper 97-1824.

14) J. F. Donovan, L. D. Kral and A. W.
Cary, "Active Flow Control
Airfoil", AIAA paper 98-0210.

15) L. D. Kral and D. Guo, "Characterization
of Jet Actuators for Active Flow Control",
AIAA paper 99-3578.

16) Kim, S. H. and Kim, C., "Flow Control
using Synthetic jet on NACA23012", KSAS
Journal, Vol. 34, No. 6.

17) Rogers, S. E., and Kwak, D., "Upwind
Differencing Scheme for the
Incompressible Navier-Stokes Equations," AIAA
Journal, Vol. 28, No. 2, Feb. 1990.

18) Yoon, S. and Kwak, D., "Three-Dimensional
Incompressible  Navier-Stokes  Solver  Using
Lower-Upper Symmetric Gauss-Seidel Algorithm",
AIAA Journal, Vol. 29, No. 6, 1991, pp. 874, 875.

19) Kim, C. S., Kim, C,, Rho, O. H., "Parallel
Computations of High-Lift Airfoil Flows Using

Applied to an

Time-Accurate

Two-Equation ~ Turbulence  Models", AIAA
Journal , Vol. 38, No. 8, 2000.
20) Kim, C. S, Kim, C, Rho, O. H,

"Sensitivity Analysis for the Navier - Stokes
Equations with  Two-Equation = Turbulence
Models", AIAA Journal , Vol. 39, No. 5, 2001.

21) Kim, C. S, Kim, C, Rho, O. H, "
Aerodynamic sensitivity analysis for turbulent
flows on chimera overlaid grids", AIAA paper
2001-267, Aerospace Sciences Meeting and
Exhibit, 39th, Reno, NV, Jan. 8-11, 2001.

22) C. J. Wenzinger and T. A. Harris, "
Wind-Tunnel Investigation of an NACA23012
Airfoil with Various Arrangements of Slotted
Flaps", NACA Report no. 664.

23) L. H. Abbott and A. E. Doenhoff,

"Theory of wing sections", Dover Publications Inc.



	Multi-array/multi-location synthetic jet을 이용한 박리 제어
	ABSTRACT
	초록
	Ⅰ. 서론
	Ⅱ. 본론
	Ⅲ. 결론
	후기
	참고문헌


