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Dynamic Behavior of Vortices Separated from a Pitching Foil

Chang-Jo Yang*

Abstract : Most of experimental visualizations and numerical results on the flow field
separated form a leading edge around an unsteady foil show a continuous streakline
from the leading edge and large reverse flow between the streakline and the suction
surface. However, they have not exactly clarified yet the dynamic behavior of vortices
separated from the leading edge because separation around an unsteady foil is very
complicated phenomenon due to many parameters. In the present study the flow fields
around pitching foils have been visualized by using a Schlieren method with a high
speed camera in a wind tunnel at low Reynolds number regions. It has been observed
that small vortices are shed discretely from the leading and trailing edge and that they
stand in line on the integrated streakline of separation shear layer. By counting
vortices in the VTR frames it was clarified that the number of vortex shedding from the
leading and trailing edge during one pitching cycle strongly depends on the
non-dimensional pitching rate. Futhermore, the vortices moving up to the leading edge
on the suction surface of the pitching foil are visualized. They play an important role to
balance the number of vortex shedding from both edges.

Key words : Unsteady Foil(®1%849]), Schlieren Method(s7&l# 7}A#), Leading Edge($
7)), Shear Flow(H%H), Separation(®2]), Discrete Vortex(ol4t 9+5F), Vortex
Coalescence(9+F ¥W3¥), Non-dimensional Pitching Rate(Fx AF)
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Fig. 1 Experimental apparatus for visualization

o [ T ] Flat plate

> NACAQ010

> C smn NACA0020

> Amm NACA65-0910
> Amm BTE

Fig. 2 Configuration of test foils

3 FE A T s g 97 A mHA

UE 2 AF 5& B 4§83 sosbr) 98] 913

164 / Futd Aol F &3 =] A314 235, 2007. 3

o3t
PN

AE A=230°2 AP £ 7|2 w3z}
2=30° 60°, a=30%30°, 60+30°9] 2 7
AN AR FAsHAT B2 a=60+30°014
AR a=90°, 3HAFY a=30°7F HH, 6ZF2
& ezt A g 5wt Ar(o]d
A o o). @¥, 2gzh ¢=30+30°0 M E
A a=60°, 3AHE a=0°7F HH, BH 0194
s a=0° F2A drelrt 2 st
o sRAE AEg2 og¥Fd s|E H o
Re=2.0x10°, 4.0x10° 1.0x10%0x 6ZF<
P dgor FREEC U W AEFY
HE JelfE T3¢ 35 oc/2Ux) k=0.0~
0.39 WA FAsR o, & s te] 23]
959 4L olgstel v R WAL BS

BN rlo

(o)

L e

(N &2
2L P orr Lo o>‘ o oft o2 A o

A
=

33, FAd AFFe] wet] nE J3 %
F7] go e AF LA = Q9 wstel A =
AL8E T

3 EI Y B

31 2719 oMo wa| 7&
Ayl

]_

]

&

wsto] uje}
Qrael A A

KN
=

oli

w3 7tA1E 7]
w7k AE3S J1ET d4E B
=3 27L& Re=4.0x10°, a=30%30°°),
Photo 1(a)~(c)& th& _’:Eii, Photo 1(d)
Y9 REFZT LES 2tk Photo 1(b)<
Photo 1(a)& 974 Helsted Figt AP E, 1]
A g AFY

%2 APEe Bael
332 ok

WA, Photo 1(a),(b)9] k=0.002%} ol <
e 2D AFFANE 9 FROZREY v
& & St F04 o FAAA s A
7} A% ol ez 2 Hol Photo 1(c)3 2ol
k=0.01392 7a9 A%57t 23 Z7458 4
79 el SR SYY ARE H3FS D
o EE 99k B WAL the 2EZAY AS
o], § 2EEI A G R A

o]

&8 op
) = o (S

Sl

[e]
545

L

A
R

o)

4»

L

AA
°ll
kil



JQelA v AE 95 A% 41

Fe EEA 93, 0w el wARAG.  4RE A4S, of B PHCERE WU A W

Photo 1(d)& k=0.208014 121 g 2 el A el shish Wl ww 4L Aey Lo T
F3 9k WA SR HE AR,

2ok vprtex
2

(a) k=0.002 (b) k=0.002

(a) 1st vortex encounters Ist moving up vortex
separated from the suction surface

(c) k=0.013 (d) k=0.208
Photo 1 Flow patterns of vortex shed from the
leading edge

2nd voricx

32 &7 FHoMe| da| etrel px

f 1

Photo 2& Re=4.0x10", a=30%30°, k=0.013 : Y Snd viries
oANX The 2EZ A9 B4 B (ty=4mm) o] A , e
WASE v 959 FRE Hol 2oh W i up soricx

3 o] AeE WM 4 SRsL BT 9 A
om e Aoz RE wEH vy o2 = o (b) Ist vortex becomes weak and slow by
AR ge Az SEe ShFsh 2 G st absorption

a@A 2 k) e JPea gom, W) Fu
Aol ke 72E B A8 AosE og
7 7,

A Pt

it before

Photo 2(b): 719l F 9Fe ME 485k . absarpiion
DA Y Aze Lue dRE adaT ' ¢
N dAoTHE wAstE iy 9F L5 oks) A A (c) 2nd vortex catches up 1st vortex
&g} Photo 2 Procedure of vortex coalescence (a=30+30°,
Photo 2(c): 4719 szl Sheoh 9o k=0.013, Re=4.0x10°, At=1/450[sec])

olglg dge

K
oMy
Ho

%A AEHOE A

sl dlx) Ul g aka] ) A3l 22, 2007. 3/ 1565



42 ok
HES T2 63§ M BF Fd
F it B8 B djdAs g He) v 9
Fo BAFE AN T o o)y WY vy o F
£ 3 9 2 BFYT
33 WE ol w4
Fig. 3¢ Re=2.0x10% 4.0x10%, 1.0x10 a

=30+30°1 A Fatd MEFe sl ©E ¥A
F7] @ BHY (tn=4mm) 9 A utalx
5o B FE Hotk WUE 9Fe w5
grelgl 7HA S PR 9% 14 % FhEE
Fdel disl A4 3 ke A
Z3l9eH, A9 RMS i+
) oF 5%, Re=4.0x10° o|32) A% 1/olLH
Fig. 3& FA4d AFF7t 718 wet
9%%94 WA FE Holszsd DAl 7
1 k=0.03 o3l & FZo) 27}6}
o] A= RY HF & F

=
0T

[/ - O
4014 4

Boa Wode
R W mlo
N rir
o
En
o
T
-

2 g
v
rUR

N
—

Aoa xgy_]-m 2 glonq o]
- 1), (b)-4 7t g ARl o2 REE &

 rle

4
®  Re=2000 -
200 'i % Rem4000
a A Re=10000
x

150
1

0e

1&‘:“.“ [

L Raxm R 8 ge o

0.1 oas

k

Q 0.05 0.2 0.28 0.3

Fig. 3 Number of vortex shed from the leading edge
(flat plate, a=30+30°)

156 / d=vhddx ol Pk A 318 2.3, 2007. 3

o

=
250
20
®  Flat plste{ 2mm)
% flat piste(4mm
& NACADDID
150 b & o NACAOOZO
a 1 ¥ NACAG5-0910
L & x BTE
wihk ¥
[ 'Y
H
'l
0k » [ 3
] IEFH
1 I"' ey g
° Sde, i 1 D S NP N | _ L "
] 0.0% [R] 0.18 042 £.25 2.3
k
(a) a=60+30°
280
[
200 B9
- ®  Flat plate(2mm)
" Flat plate{4mm}
& NACA0DIO
160 +  NACADDZO
o [ ¢, ¥ NACAGS-0910
X BTE
b
%.
wk % i
[ 112,
RIS Ak LT L8 LT
[} 0.05 [X} 015 0.2 0.28 03

k

(b) a=30+30°
Fig. 4 Number of vortex shed from the leading edge
(Re=4.0x10%)

250 r
1
®  Flat piate{Zmm)
200 " = Flat plute(4mm)
4 NACADDID
¢ NACACO20
¥  NACASS-0910
180 x BTE
[+ F ®
L4
100 - H
50 L l
_ ¥ Wiy oy v
° 31 1] | P 1 AveSmd "
0 0.05 0.1 o1 02 0.25 LR
3

Fig. 5 Number of vortex shed from the trailing
edge(flat plate, Re=4.0x10°, a=60+30°)

ggo® 93 exaE gl /1B we7d gy
9 03%% AW R 7| 3] Re=4.0 x103°ﬂ/«1 (a)a
=60£30°, (b)a=30+30°9) AL 67 o



el A g HE 9F7e) A% 3

=13
=

st 934 g F71 G
7Yz} Fig. 40) Belt},
g dd) 3 30°% 93 —Sr%
T SRl A o] WrEebF e
el T 9le,
718 Bhe-7}o) Oﬂﬁ‘};O =3
T Fig. 4(b)9) ¥4 @& 7 3
oAX GA Bgel sl Fig. 4(a)el #late] o
FA 2Esty e,
AME whelde] wgzte] wigel oaf QA H
A& olm:slel vl siEe) AgAdo] thh Btz
Ho= 5171 Wrog /\}E_HE]—
hz

ooz
_Or‘L
rr
o
Ll
=il
rﬁg Lo

(o))
s L
[}
~NOUE

~N
ni
oo
N
2

Fi?
oo
o
b
—a
ol e
ol

oo i) b
o
o
o
=il
2

259

lo

1z o

ol Ao

MJ

)
o

O AL Wre-zho| (°

I

Lo,

“z o2
L VA T R A

gl

ol wAlel Fayel AARe) FAY AF
P S1Este, Fig. 4(a)% 79l 5442 22
T 9ee ¢+ U

% wds

(Fig. 6(a)9] a)et kA gch. o] ZHA el ofsf oFs)
A =27 o5 (Fig. 6(b)el (1+a))el &7 oA
oM 2AE = WA whe] 27 (Fig. 6(b)9 2)
7 HIFT o) dRE WEetd v

7he) ShF(Fig. 6(c)e) (1+a+2))E ¥t o
HE oo I WAYSE Fig. 69 (a)—(b)—
(c)—(a)st Zo] W=t

EER

Weakened
and slow

(b)

Combination

1+a+2

(c)

Fig. 6 Sketch of unsteady separation process

2 AR, @iy GA A6 YA EE BE

FE LS $2 $AVY T8 Dhe A
A s ME A e shRE 9 SaaA
s 9}%0 eI, <1 2ol 9

J WH AAUZS @
SN Hel S 24 4o HEE A8

AGe B Aoz ALRYH, olHd #
Aol hel 1A G rﬂs}wb H g4

gtarnial el el A A3l 2%, 2007. 3/ 157



o

O

4.

L H
o oM

6279 olge 9
shele] 7zt 7
£% MBS o
94 QA A 2
NNHE Fote] e

Ho

T T YR )
N,
>

= ot o

(2) -474 3 =
v &R HoleER
of ZFstAl &g},

(3) ¥ 4R HAANA o
Aske vl 9 B e A9

(4) M9 Wiw AL Asy LEte 9Jﬁr4 -
A HMAYES Ee A FFAoZHE WA
= 9 oFe 2A a4 73S FA A F
& q9E8E& gt
o B A7 AxE

o}
o

i3
o
-
2

o
9
2
¢
I
oX

M

o
i
Y
W
e
2
-4

b
02
r
=

E_ﬂié
28

=
El
i

Ko O

e OW
o
o
£
op

0
==
O
=
)
o

2L
£ L

i

=}
(=]

N
o
o

[1] R. L. Bisplinghoff, H. Ashley and R.
L. Halfman,
Pulication, 1955.

[2] M. Kiya, O. Mochizuki, Y. Ido and H.
Kosaku, “Effects of Periodic Forcing on

Aeroelasticity, Dover

Turbulent Separation Zone of Blunt

Circular Cylinder, Transactions of
JSME, Vol. 59, No. 558, pp.366-373,
1993.

158 / @FutddA Yol Y37 A31d 2%, 2007. 3

=}
(<]

ol

[3] S.
Kawachi,

A. Sakaguchi and K.
“Airfoil Section Characteristics

Sunada,

at a Low Reynolds Number,’Journal of

Fluids Engineering, Vol. 119, opp.
129-135, 1997.

4] Rz 93 $3Add FAL3e wAZL /A
g " Ag =28 BHE, A30d9 2%,

pp.117-125, 2006.
[5] C. J. Yang and Y. H. Lee,"Vortex Flow

Patterns of a Heaving Foil,” Jouranl of
Visualization, Vol.9, No.l, pp.13-21,
2006.

[6] M. M. Koochesfahani,Vortical Patterns
in the Wake of an Oscillating Airfoil,”
AIAA Journal, Vol. 27, No. 9, pp.
1200-1205, 1989.

[711 K. D. Jones, C. M. Dohring and M. F.
Platzer., “Experimental and Computational
Investigation of the Knoller-Bentz
Effect,” AIAA Journal, Vol. 36, No. 7,
pp. 1241-1246, 1998.

[8]1 J. C. S. Lai and M. F. Platzer,"The
Characteristics of a Plunging Airfoil at
Zero Free-stream Velocity,” ASME
FEDSM 98-4946, pp. 1-8, 1998.

(9] H. Sakamoto, H. Hauin, K. Takai and
Y. Obata, of Fluid
Forces Acting on a Rotary Oscillating

“Characteristics

Rectangular Cylinder, Transactions of
JSME, Vol.62, No.599, pp.1-9, 1996.

YU (RER)
19934 2¢ skEsi st 7|23tz

(@5, 1000 28 SR
I sty ZUBAAY, 20046 38
Faaeds st R A,

A EEajQtrfEtm 7|2 ARIEEHR
MAZAL



