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Abstract

The effects of rotary oscillation on the unsteady laminar flow past a circular cylinder are
numerically investigated in the present study. The numerical solutions for the "2D
Navier-Stokes equation are obtained using a finite volume method in the framework of an
overlapping grid system. The vortex formation behind a circular cylinder and the
hydrodynamics of wake flows for different rotary oscillation conditions are analyzed from the
results of numerical simulation.

The lock-on region is defined as the region that the natural shedding frequency due to
the Karmann Vortex shedding and the forcing frequency due to the forced oscillating a
cylinder are nearly same, and the quasi—periodic states are observed around that region. At
the intersection between lock-on and non-lock-on region the shedding frequency is
pifurcated. After the bifurcation, one frequency follows the forcing frequency(Sf) and the
other retumns to the natural shedding frequency(St,). In the quasi-periodic states, the
variation of magnitudes and relevant phase changes of ) with forcing phase are
examined.

sKeywords: Rotary oscillating circular cylinder(F2181& 2l@IH), CFO(MMRMAS!), Vortex

shedding(@t=2&2), Laminar flow(&8&), Lock-on phenomenallock—on & &)

1.AE

4o 20054 68 12, SAHYU: 20054 78 26Y
+=R X, E-mail: jcpark@pusan.ac.kr ARIH FR(wake flow) FAUAMS A

[

Tel: 051-510-2480 (vortex)2t E&i(shedding)tl 28t H= &AO



Chegt &0t OFLIEF 28N 282 L4 20
ASHA I BRst 2HE 5 oLz TR
oA %‘D(d%g 2000, Z2&==2 MAH 1998,
Braza et al. 1986, Mittal and Balachandar
1994, Williamson 1996).

A AH FHAUA 2
A(Karmann Vortex)2l E01
o FI{Hol Hgl= 2E=22
JiBtH RE=2 ZHAI %*E ato] 2H0l
o2 &Ezob|T sttt E£8 0|2 Qs RS
<0l FEs A 511:} IetAd, BLEAl
J1HQ! S8 Uigt RsSH0= 48 IEH
HOlA Ol =Q0ICt 0l Chkst Mo
(2 HR=0| I CHA |CHZ+ S 2003,
Beak and Sung 1998, Kang et al. 1999, Kwon
and Choi 1996, Choi et al 1993, Sung et al.
19944, Sung et al. 1934b). 11 & &g algi{2
3&E 0/Edks 20l UL Oﬂ , Ag 4
BICIE Bt Al wetez SI8AIZ [[H Sl sl
ZU M= SE0| 2500 SO 2210t FH 2
LI 2 okhEBe Jix0l &0 2edt 2 Lol
A &EH 2t =, 2802 ES 2LEA2)
2 ol 2 ”49}2 FH 0. oo st Al
& H7Taneda 1978, Tokumaru and Dimotakis
1991)2 +=XE AR(Wu et al. 1989, Baek and
Sung 1998, 28 =2 S 2005)7t & =02
BHH, Filler et a.(1991)2 &SUA "'EIC%%

01)1

ol
rr
U
Jfu
2

T H
FO

1o
o
W Lo fS o g

-
a

fﬁ

omn

(@]

[y
FUJ oo W

ﬂJ|OII 052

Ui

A

1 Mok

F

SS9 20 BHMA ASH(0I5, DR =
gl MS<, natural shedding frequency, St,)2%
HISE MEAR A )| ARAZ B AR
HO HOBOIAS) 2 ST T olf SHS
o SHO| OFF I LIEHIE AAS BESIRY
Ct Van Atta and Gharib(1987)= R& AlgiHe)
o e S0| D B2 As49 MR- A
SO olEt ST} HEUR B Mol MUH &
5 SYS DECE ARES QOHKYUCL O =
E AHERS DR SY AS49 F)| W &
=3

D2Hpeak)2 2 =, chaosll FRK= A=
SHE0 XN diHA O &5

Journal of SNAK, Vol. 42, No. 4, August 2005

369

AHER A HHAOD ?HE} Karniadakis
and Tnantafyllou(1989) X &Rl AlZdI0|M

2 Sill =7 SH° Jl(qua8| periodic) AEH
@} chaos8 A0 IZHoH/d O3] ABERS 21

S O FIAELY {40l OiEle HE 0
60 2249l FEE HoUSILL Baek and
Sung (1998)2 JIZH0Q! lock—on&d (S, =S¢, 0!
A)NA EREAC| Hag ][0t &8 )|
9J AA0] HiPE SAE SXECE HIAGIY
Ch E8F Baek and Sung(2000)2 JiE2xol
lock-on ¥ ALUAM 2ZH AS=I} lock-on
AAN IIMRAEE 2H S IR 28 X
29 4= oFF HOKKAH T O 3JI&
Hel 2 =ik e 2UsRIL '
Lock~on do% 2 HINS0 2ol ARG
O $HCHBaek and Sung 1998, 2000, 2001,
Griffin -~ and Hall 1991, Karniakakis and
Triantafyllou 1989, Koopman 1967, Ongoren
and Rockwell 1988, Stansby 1976, Filler et al.
1991). Lock-on2l QARAHMME SHAS0 =
F)|E SCEHMS 200 0l= & =2 A
AEIHE FIIBIA Al2 2% FI12 od 2|8
(lock-on @9io] HHA) 2LUAH= AIHY g
0l 6y XS 8201 SEECZ LIEHE A8
S|0iBC) 0128 ‘E=F:014'012t ot 1 Al=
AAZ AR 220 HAsNOZ £ GUE g
o FIH SHE Boill= XS K& 0l =7
= MEC Fourer Sa= F2 B &
{primary shedding frequency, St)2l ZZ=HiD}
Tl= RUIM &-function@Z LIEtE == QICt. Ch

—_ =

(3

om A

W [
4

A ZOIA EFDIE Ao Aell BRI of
of g 88 s Z8 2dll Foizel &
SHE BHtD M2E 5= QUL GHRIRE ABFHO2
g2 "2 AEs 22 b= chaosges €l
EF)| Mt gFs 422 ZEsts 210
2 XOIBOICKOtt 1993).
Ot & 48 Eli=, Olt’* AR0A=E o
=) aldol= 2E A FoAe 228
2 0 3 -5‘;}



370 I 3

lock-on €< 2He ZEF
[e:]

o
jz
/2]
=
D
Q
[N
3
«
g
fo)
C
D
=
Q
=
®
<
o
I}
=
r
0
o

20IAl &2 0l E&2 Jock-on YHE =2
otol Hel UHEA SME [z SES =ZolCh
Lock-on E9 FHNIAS Ol8 28 dS+9 ¥
k= &]9 Yl Qs ME222 429 ds+E
FESC WIIA lock-ondt non— n &
dHE= s+ 20 2o 2Helg += AT
JIE 0120 GtLte) M= 2H &S
=olld It & (I Zs+= Ldldd 1
ASa=2 HItHA 2,

2 AR0AME FI| EHcke 2 48
di0ls== Re= 1102 H

8t X AZd018E BITCE ReIt HIWE &
FA(<47)UME ZaaH |22 312
QEAQL 22 SA0| 2 | }
HA(> 200)0M= & SIDF LEHLIRE &
HANAM= A &2 =

b Re=110Z M9 1% 88 ==+
=0.1677(Williamson  1996)0|2 £
Sp=['D/UL( 0 ZH TSNHE  HUGH
0.145 <-5; < 0.1952] AWM X A=
OlEE HGIRICEL Ol A2 3™ s&%
(2=oasin (275,t))8 REY 5%2 NIHGA
Ch [M2tA EI0 2BE(0,,,,()=180a,/725,)0t
S0l 215101 551 ELL

o
o
n
o

0

o
2
4o

HL Mo g 1o

o0&
o

(=]}

2. =XloHdd -

-

Heg=d RS3E 2

< =
b 22 Navier—Stokes SHA AN HZ=EEAO|CE

10
~
40
il
1
=

o
04

>
ro
o
olo

—

B4V uu == VPV - [Vu+ (Va)

el =9 5% /82 =X A2dold

[Tl'_r
%
0\

Rope

Fig.1 Overlapping grid system.

AAHES v, Of TS PAsH= @il
DIMUEIS § OF 50] Al(1)2] BIS A
LHOIAL RIZ R2BHCH Gaussl H2IE 013101
MEE2O USS AAKE HBHEZOR WE

ot OIS Als Z=L0h

%-/Vude T (3)
[u-as=0 (4)
S
OiJIM, dSs SIMHEO|H 0IAHNQA dS
Ol HEY SO HIZZS sots g e 52
28 ndS OIC T = 2% HAOID TS 20
ZO{&ICH
T=—w-H +é[w + (vl +uw )
=C +P +D
2t 8o ojpjs, C= MIEa, p= =8 D

= ESI0ICL

g0l £G 0t 2T QS8 AMHHES
SA0 Bolstll, B9 29 HEYES Rhie
and Chow(1983)2| Wg WECt sXidH
Lige 9%EA S(2003a, 2003b)E &EEE

ATz, 2 AFNAM= Fig. 1k 20
THE MEsH &5 ZAl(inflow bounda
72 2UREE FIUCH, HEH HHS
AHZEH(ho-slip boundary, u=v=U,,
N U, SHY 3l 55)S ALZSIILC

T

x
1103
1o

oy
IR Sznz‘%[uf_%
SN -

i

fou}
o
Y
x
o
fon

=2 H422 H45 20054 8€



S, UE, WS, NET
EF 22 e AXAIR 2AF AX 22

CIEHOIANNE SRABSS HFZ2HH0) SloH
S2ABIACE OI0 CHBIOIE &
RtMI5] 2SI QUCH

of
it
aln
N
(@]
(@]
(%]
&
2

3. FJ| H¥st= WY HEH FA R
sxo =4

3.1 Parameter study

ZF)| slNehs A el =
AMEOIE 30 2Ad JIHE =gist A
ANZIZHAE AESIRUCH HArPA(Fig. 1, RSIDE
X RFORE)I AIRIZHAS IEOIHAM L8H=

o 2 =2
?l #SES

Of JHa Jgkst HlstEAs ZHGHUCH

Figs. 2~32 el 1502 0.1680IA Al2+2tA
0.0022 1IFTID HNMEHS HIRU FHA
Ioiad sF ZDtol & H=0 THEH power AE
S LIEHHCE Teble 1001= 2t g 0f ChHet =l
£ ZCIGIAL. HSHSS| FIIt 24D, X24
OIN Dydleld M2)e 2L 5 =0.150
Dy X320y 2l B3R ABEZ F DX
D 570.1682 32D, X32Dp 2= 0.04%
o @XE 0|1 QUCH Tables 2~32 Table 11t
2 TUNA 2 AEITE((OR, B3N
) o, 2 AREZEXI01%, BFX)E 2=
ESF%CL 5,/0.1802 ¢, EHRMEQ U2

Bioh Al 7%* 2 o=z HglolE AE

=00 Ol 24D,y X240 2 ¢, BZA=E
321),N><321),N4 ¢, BDREO| X} 0.98%2
CHE Z20 bIgh X e &2 A8 ¢ =
UCH [MStA Hat BHRE 24D, X24D & BE
oFACt.

CH2Ol HA RS 24D, X24D, 2 DEAIS

1 ARRIEE 00005 0.001, 0.002, 0.00322
quy\|9;| X ABY0I&ES £BIUCH 2212

20l 2 Power ABEHZ Figs. 4~50,
c, ¢, V=D BRXE Tables 4~500 22!
LIEFHCEH Al2I2HHEE HSIAZIZ O Z22ei0] 0
ot

=
AIGHH ZlSste A2 & = UACL 1 2 &S

bl

> o

v (
32
E

o

i
Hu & 4 min ox

___Jinmﬁl_sl_mulm%rulo
gj
lf

Journal of SNAK, Vol. 42, No. 4, August 2005

371

- 20X20 (x, y/D).
24X 24 (D, y/D)
28 X 28 (xD, y/D}
........... - 32X 32 {xD, yiD)

) S~
014 0.15 0.16 017 018 018 0.2

Fig. 2 Power spectra at §=0.150 with
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Fig. 3 Power spectra at Sf=0.168 with

different domain sizes and 4;=0.002.
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Table 1 Peak values of power spectrum
with different domain sizes at §=0.150 &
0.168 and 44=0.002.

20X20  24X24  28X28  32X32
Sf=0-150 0.1686 0.1674 0.1676 0.1674
Sf=0'168 0.1681  0.1681 0.1680 0.1680
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Table 2 ¢, amplitudes and (, mean
values with different domain sizes at g,
=0.150 and 4,=0.002.

20X20  24X24  28X28  32X32
C, amp. 0.3648 0.3382 0.3462 0.3415
Cpymean 1.3371 1.3287 1.3295 1.3283

Table 3 (, amplitudes and (¢, mean
values with different domain sizes at g,
=0.168 and 44=0.002.

20X20  24X24  28X28  32X32
C, amp. 0.4287 0.4114 0.4187 0.4151
Ccpmean 1.3529 1.3515 1.3510  1.3507

Table 4 Peak points of power spectrum at
57015 & 0.168 with different time
interval.

0.0005  0.001 0.002 0.003
Sf:O~15O 0.1681 0.1678 0.1674 0.1671
S/=0.168 0.1681 0.1681 0.1681 0.1680

Table 5 (, amplitudes and (¢, mean
values at Sf=0.150 with different time
interval. :

0.0005  0.001 0.002 0.003
Cc,amp  0.3389 0.3409 0.3382 0.3385
Ccymean 1.3216 1.3246 1.3287  1.3340

Table 6 (, amplitudes and (¢, mean
values at Sf=0.168 with different time
interval.

0.0005  0.001 0.002 0.003
C,amp  0.4124  0.4119 0.4114 0.4118
Cpmean 1.3425 1.3454 1.3515 1.3578
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Fig. 4 Power spectra at Sf:O'15O with
different time interval and 24X24 of domain
size.

Fig. 5 Power spectra at g =0.168 with
different time interval and 24X24 of domain
size.
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