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SEPARATION CONTROL MECHANISM USING SYNTHETIC JET ON AIRFOIL

S.H. Kim,l W. Kim,! W. Hongl and C. Kim"™

Separation control has been performed using synthetic jets on airfoil at high angle of attack. Computed results
demonstrated that stall characteristics and control surface performance could be substantially improved by resizing
separation vortices. It was observed that the actual flow control mechanism and flow structure is fundamentally
different depending on the range of synthetic jet frequency. For low frequency range, small vortices due to synthetic
jet penetrated to the large leading edge separation vortex, and as a result, the size of the leading edge vortex was
remarkably reduced. For high frequency range, however, small vortex did not grow up enough to penetrate inio the
leading edge separation vortex. Instead, synthetic jet firmly attached the local flow and influenced the circulation of
the virtual airfoil shape which is the combined shape of the main airfoil with the separation vortex. 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.

Key Words : H]4EA] -f-5(Incompressible Flow), f-&
LM B

ddiolle Al wste] ot et 5717 sRdo] &
3tk @A A HAAY AR e7EHE I T
58 87 21L& st A58 9 ke AFelA 337l
o Aeg FFHoE Y AR s Aolt et 7]
o] o A AadloR: TAG/IEE FFA LY A
A 87 2% TR IEAZ F AL o8 AdXT A
FHQ WP o R FEAIE FHE Fado] ik

HAIZ7HA] FIE A 717] $18H larminar flow control
of gt B A77F 18 HATHIL o] Aol EA
fr5 Al HJ”ll&i HAEE suction typed] TE7IE A
7]€i AA FF7 FAZ dled ] Fe& olFo] ]

I‘IF ol-,j

AR delA sioh

1. Agdgsta JAZs TS
2. 2484, Agdgn AR T

* Corresponding author, E-mail: chongam@snu.ac.kr

Ao} (Flow Control), Synthetic A| E(Synthetic Jet)

FE5ANE o Z&oln AU 8] T UHeE,
MEMS #HE o8& #& Aojel #& 77} 190dd) &
e HoiA] gdsiA 8Hn Yvl2) 2 % synthetic
jete AA Ax"sisle] @A) FeE A i, 2ed
A7t S JE AoJFA F dholth

1975%d Collins$} Zelenvitzi= 58 7F(acoustic excitation) 2.
7 draAe f5d] L5EHE IH T & deg BY
o} 33], theket 3ol wjdt A7t LA LA AT
g3 9tk 1 £ I Wygnanski®} A. Seifert’sol o3 FE=A
¢l A7t 8 Hi ¢lom4-9], DARPAY Micro Active
Flow Control ProjectS %3ty Xv-159] iAte] Hld Fo 3
g JFHor ZFANZATHI0. A Glezer 5 A4 HF
FH 550] synthetic jetol oJsh LEFS Tl AF-H3}
A e, ol wel T ARl o3 recirculation FHe| T
Hoz <l ¥ 4 W3 &NE H¥dh Virtual
Acro-Shaping' & #25IATH11,12).

Synthetic jet& ©]§3 FEAofdl g #x4
Kral 58 23 HY=4 RANS  (Reynolds

ATE L,
Averaged



Navier-Stokes) A2 o)8-514], synthetic jet W cavitys
3“*43V] &3 EQUES Ui AAZATOR synthetic jet
2 MEATH1315). o] B DA A Glezer 59 2F
tﬂOlEM A8 FARFE HolFoaa RANS WAAoR
synthetic jet actuator2 °] &3 4% Ao} AT 7S »

Ak

o

g o8] &
FHoz W g Aojd & 7] W] Ao dddrh 1
gy £ Jolszs d9oiMe] FE54E FHe Rl
*E‘Xﬂ g Alzgl 8dA f5 Aol Y Hd TFee

A7
"463 04?01]/\1 B YolEzs 4
of A2 synthetic jet2] el Aol 5L ATSIAUH!L
[}

18
=2
R
S|

z
oo

N

A
o
49
ofh

6.
714 Ee Holu2a Gl synthetic jetS o83 v
Aole] 7PeAt 1 BAS slsiginh el AR AR
Aa7P5817) Aste] synthetic jet S5 ALAE Ha Aol

des A
B AP ME synthetic jet FEE HAATZ] A
multi-array synthetic jet& NACA23012

& Fsigon, 1 we) obd whele] ek Ao S 2
gkl 3k v ocation synthetic jetO.F vha] Ao ¢
3 T AL, A Ao BAsE AL dEe] A7E AHst

o] multi-location synthetic jet®] E4& A H 9t}

21 XAl 8 X7 Y
2 AT 2xk dIRd HEEA RANS
(Reynolds-Averaged Navier-Stokes) 744 ol-&ale] g 4

Batgich A B hewt 2o,
Ve u=0 N
p%wa - Vu=—Vp+(p+u)Vu @
A714 (7) & dols= HFpe vepadh, 04 %

[}
& A8 HO}O% ZF sub-iteration™}C}. AL AE WA
71 pseudo compressibility HE[17]1S AR vlAA
£ A7) fEtel flux difference sphttlng Hhof 7]
upwind differencing WH-& ARSI e
31Tt LU-SGS BH[18]1S 4%6}0% 37 ‘—% ET I

H1 ey 61
\ S5 7] BxR ] o

2 r s ; 03
A e 1
15 X f X : 4025
‘ o LS y
R </d o &Sk ,", oz
- P f '] /
oo & g e exp.: 219x10° (NAGA R 664) ! tous &
Sost 3 o o @XP, L 2.48x10°, fiap 30° (NACA R.664) i
A 4 e 0P, 1 2.30X10° (NACA R.586) /
of A = = exp.: 3x16" {Theory of wing section) 7 01
f i @D, 6X40° (Thaory of wing section) o ﬁ
Y g num, T 249x40° - oo
" ;ﬁ/ : e num.: 2.49x10°, flap 30° B 5
/ : ‘ * ; 4o
) - [ -
-19 -5 G ki 15 2 E 5 10 18 20 25
angle of attack {deg.) angle of attack {deg.)
Fig. | Aerodynamic coefficients(no-control case)
- = o
2% NS YA k—w SST 9F ZdE AME3SIGh
E dfAE e d7E Fd 7d3E B A7l

in-house codeE AR&-aFHTH19-21).
2.2 Synthetic jet ZAH =2
Synthetic jet 75715 23] AsA T4 2
go] AAXAL AHESIATE Synthetic jeto] $E A7|E
&3 2ol Aofsle] ARgatsit
u (&,n=0,t) = A; f(n) sin(wt) 3)
A7 f(n)E jet TN £ EEE ehile &
T & ofefe} o] Fof A =

3
32

1 : top hat
f(n) :{Sin(ﬂn) )
Sil’lQ(ﬂ’I])

L. Kral 59 A7l 9ste] 9% £5%9 f%o] &
7% top-hat BENS] F% FFE7F HAZT A SHFTH13]
A7ofME L. Kral O] Zﬂ 3t top-hat

v ouAse ¥
et %% 101 A sma%al Adahttn B,

2.3 Baseline case

B AN A AR AL olde) FHUASE 4
glolelel wlamste) BR2223]. Hols24E 2.19X10%]
o, Fig. 1904 el whelvt Bae}r) ojde} 3ARe 4
g AdHstn 9LS A & 5 . 2y AP}
S e} WS gl 22 2 tehbs A
2 #ql @ % ek e 2 Aol 2How da g

synthetlc jets] fr5 Ao} S4dol #ek A& 23+ RANS W

ox,



G M1 EEY
[ 28! =0l =iz 71 ]

2
OO 0.25
o 02
‘ 015
1 o
B e " A & 01
0.5 Fiv2 ]
o— FAV3 0.05
-——#—— no control P
OF H S | to—o—* 0
5 10 520 5 10 15 20 25
2

i 0,18

Tl
' '/-a~—— F5V1

05f ———s— F5V2.

..................... e F 5V3 e wf 0.05

i ——e—— no control Py
0 i ; = i ; . 0
5 6 15 205 16 15 20 25
angle of attack(deg.)

Fig. 2 Aerodynamic coefficients with single synthetic jet at 0.12¢.
Aol ¥gatal ol B4 BAow v w4d) O %S
w8 BAL 7Fede #9 ¥ ¢ oh Y #58
synthetic jetO = Alolsle], 1 WE|H /-59] synthetic jetOF
TE 2EFS %’—3‘3‘0} ARE \AAY 2 fF 727t u
© AR A sloke shssitin Add

R 8

2.4 Separation control
Synthenc jetd] B8 EAS A3s)y
5 123ME, AEFE 239
ﬂha T3 sch & Aveld 9% &
Z fAs 9% +F
A e g %‘E}.

ALV
c, =£(—ﬁ) 5)

1 A8k, jet = A
N7}y 71ZEoR 1255 A

e Aol 3%
2ol wkE synthetic jet 539}

c\ U,

8 E -..:t;~ ~1
16 // /\\5\.-._;_‘
14 \ Sx
o2f \ -
/ ————— no control \I
0BF o LE12p FiV4
e LE12p F1V2
086 - - R LE:'ZD F1v3 [
10 15 36
angle of attack(deg.)
(a)F+r=1
18 }.;\.-
16 L TTTNT

U112
I, 4
1F
/ — no control
08K e e e LE12p F5V1——*- :
s LE12pF5vV2
[1]5] e p—— ] Y, | zp F5V3 —
—0 5%
angle of attack(deg.)
(b)F+=35
Fig. 3 Lift coefficient with single synthetic jet at 12%
chord.
fe
== 6
F+ 7 (6)

714 R slot WO, ¢ A Ao, U, ¥ F4F &5,
&% f= synthetic jet IETE W
epdith £219 F94E multi-array/multi-location synthetic jet
o) 7% gAd 7 e slote) HXE VIEeR FAY
Farg Atsith
s, A% THOTEE synthetic jetd] ZTE B=E ©
t}. Multi-array synthetic jet2 ol 7H7hE- slots} 2%l
male]  Abolzbe 3R FASEE XAjZon,
multi-location synthetic jetollAE 2 XA ghdel] 7Pg b
7HE slotS 71F0 2 sle], 29X oF HEI Aol
zto] 23%=7F HES ST
&9 stall QA Z stall

N

Aj, 2 synthetic jet peak

=~

=1

=40 g AR we



1 EEY 63

18720/22 =0l ura) Aol aeisit). 1o RHS

I, RE F3L F97L 2, Fse A S
UERATE VE synthetic jeto] peak $5E UERNL, VI
UF = a}JJr et v2e f9F £59 F ol

V3 AF £59 A H)e synthetic jet peak £=F ZF
=t} G nuiti-array synthetic jetolA] slot Akele} HAE
E}“ﬁ‘;} G! % slot 5{3019% Kl 7&730; #jg ol

A

154
&3} 3171908k Fl1-& 549 Faar 19 A2 Vel
R

”r Jh

=
g =8
o)
ar

r 8 :lo il

& L}E}““U} LEI2pE SFAlA 12% u.401
& Wl & sloto] $1X8] 1&g LERALh

2.5 Single synthetic jet

Fig. 2t 43 @8 AlF 348 vehia gt sdE
T Fod ), synthetic jet $5F0] F/HETE G F
Aol AA BE FI 2 4 ok 23, F+7F 1Y BHFD
7} TR Froll Hlste] 4 o] o A TS AR
F o, A eR A FEFE 75 He Aol &3

z4o] 7~]_CL i}-o] gk e 9)1\1;},

Flg 33 Fig. 4olA w37Zo] 2=d %9, synthetic jet

27t frdF S5 30Y BHV3), Fh 1 sk

“‘ﬂ“ FHAeR Ao Hu, e i & ool
A

Aol GEAL TR0 UE e 4G 8 G 5
ATk of AEdE FeAT B ANE S BUS AS
o vmsid RSl BURE o ¢ Aok WA Bl 29l A

£ Bl 19 A9 Hlstel el Aolsh EatHolA] %4t

| 23t xo] 32 71|

04

0.2 /l i i 1
0

Fig. 5 A path along the ‘virtual’ airfoil shape for circulation
calculation (AOA 22, FIV3/LEI2P).

0.09F

circulaton

L 1 i PRI |
0.03 50
phase (deg.)

Fig. 6 Circulation along the ‘virtual’ airfoil shape.

o, ¥ RyEe HY A

synthetic jete] 717} HhoZ FojEo] Aoz 2 A7)
o gfEe WANZITH & el wHiEe o AR &
2o zZe e o Hophh olde A9 e s
W gt 2718 23 QA XejeE, AgEuA uw
sz wiglgEo s 471 Ak aER Fh 19 49
o nlgte] AA o TEAF T Ak AL &
Ak

ha

2.6 Flow control mechanism

o "o] AFoA F+7} 591 A= A T Aol v
synthetic jet®] 717} grornw 1A we) f5g WS
2}, synthetic jet YR AREA TRA AN FE
ualg gasl] Aolgitt o] A% e AE FEE ol
VA7F ok 5 ASo] HlE 7] diEe] KA ¥ #5
qUAE 2FeA H1, old FH/EFY $FOR Qldte] %
750 F7)He AEZo] Ao & 3% A T 7
gt} go] HelgEe Mo oy YHe Fateo] Sl

A= Q8 circulation() &

1, Fig. 5, 6%} 2ol T84 oy
&R R TUTIE

12
sk
o
ﬁOL
2
pit
i
4

3 FYske



H 1 2EY

[OR= =
23t Hol $x2| 718 ]

(a) two-jets

(b) three-jets
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2.7 Multi-array/multi location synthetic jet
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