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Fluid Flow in a Circular Cylinder Subject to
Circulatory Oscillation — Numerical Analysis and Experiment

Yong Kweon Suh and Joon Kwan Park
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A fluid flow inside a circular cylinder subject to horizontal, circular oscillation is analyzed
numerically and experimentally. The steady streaming velocities at the edges of the boundary
layers on the bottom and side surfaces of the cylinder obtained in the previous paper are used as
the boundary conditions in the governing equations for the steady flow motion in the interior
region. The Stokes’ drift velocity obtained in the previous paper also constitutes the Lagrangian
velocity which is used in the momentum equations. It turns out that the interior steady flow is
composed of one cell, ascending at the center and descending near the side surface, at the
streaming Reynolds number 2500 . However, at the streaming Reynolds number 25, the flow field
is divided into two cells resulting in a descending flow at the center. The experimentally
visualized flow patterns at the bottom surface agree well with the analytical solutions. The
visualization experiment also confirms the flow direction as well as the center position of the cell

obtained by the numerical solutions.

LM B

TF&E Al Fig. 1ol vehd glet,

ARl 4 ol A2 Eas AU fAF
Zof whsled R v|HA 25959 Fo} =
o vheb Eedeldel AAF FES o 2elm R
o} A&~ FH4L£x (Stokes drift velocity) & s A
Hog Tatgdch Adjel waw, nlgt AAE B



o
FF
Jo

de
ofm
£
Lo

[
ok

{

_,d
Lo

Ar ek
He I‘lf ox e

o,
X
oL I‘UE:
¥
X

ox
by

)

i

tlo
N

-~
o

dlo
o
W
S

rr &

1

ol £ Ottinos] A Dol Muislo] glony, 3}
AT e AEEY Cox 52 A3+AH7 9

Alee] HEAME AFE
BopA kg A E dRe
ﬂ_

ohymlH mepiazl o]
27b eleh 4ol ol

iy

lo fu oz ol @

o]

e

° eL

(o]
T

¢ Bl
B Sd

sopel zolgkAlo] gloix by A
9k 50 e, A5l

a7, Hel#e +EAE, !
7ol Fol whebd welAed, olo] wizb o
b ERE gels webAA "ok o)A Hlol
o) AgAY el L, oleld stebeleel @

debal e FAlFE o abasE olslsia A

o)

al

=

O

i

e o 2 o e
{3

Lo i

o]

fo o o>

Lo o o2

Ho2 2 EE detelt o] vl F8% Ao
oz, ol @ FeAelE EFel oo

FAdeH AFE A BAA AL o)
fe)

AlRol A5 w3l wie} zdo] YE Ty 2%
AZ & #He Fepulgz ¥ o, AR o4
(leading order) ] %A% 01)Y »AA s
TEFolch mubEANE FA 87 Yo Wed A
AEEe AAFALR 04 2715 sAgs 4
Ag gk webd], mAbEAE FA 3] Y
A o] AAEEAHEE 34 ¥ Fovt Y& o
2% 4 kR4, Cox 5?), 2 fEwdo
A, AR HAREL 29 g alet AAE B

olt

EA—4AHA 5 Ay 3971
A ZBAsE 29l A=Egy  £x (Eulerian
streaming velocity), = W39 ABxA FHEr
ofch. AAE B YASsy¥e Wre Fas
58 Awshe e AMzdes g,
£54 ARSES $5% A9 34 gl

2 T2 AlRoA 73 H4EsAEL AL
stol WR-o] AARE e APz 7
AE AAE Aeleh, avlm, 7HA1E Ado] 9
3l 2 AAE &g Aok, A2l L £ 4
Holl Fagt AuiAle) 4 8lo] chal], A3t
FAHA el N, 2Ejn A4atel = A7

Sefell disiA Awd gleioh, Ane A5l
AA sk, o714 ARR AFEL Aol A e

ssiet,

of AL YA Fejz frahe 3

AL o Bxshy, Dore® 9 Iskandarani & Liu®?

]

2 =FelAd M vlel o] 95 E w4z 3o
frEotwd ohd Zinksich o7& 33 EAo)
&l Dore®7} %% v glE AlujubAale o
2 =glsted ALR3l=E go),

(l)=VX D, (1)
o2 FoR FEuE @ Agstel drhd )

.
Zch

$AE WGz sy ey 2o,
V . l71=0 (2)
RLesvszX(vmx«,):o (3)

o}7)4, vne Lagrange -5 8 4

Un=0,+ 0,



3972 PR

5,8 2% EH4w Wz A
1mel A (27a), (ID)E F uh glew,
Fohna b el Fasn wrelr md,

sEele dolFag R cheat ol delsiel

olel, 2|,

i O
Ui

c},

Res=¢€"Re (5)
o714, e 2FEFTY FAY AFead AR
o A (52 gk

AR

B1== Hiew T17= Uiy W1=0 at 2=0 (6a)
h=70=0, w =i at r=1 (6b)
AQZl_Lf— _a_.vil, —— " == - — ( 3y
3z s ==(, wn=0 at z=h (6c)

- A el whz obdlelE gke Y
o) Aedel s tE FAZ EellA
o &E T z7o| :

Sdel AARALE AgHob Geh Lol ol
asbe Resd %3 F wle FAE 4+ ol

(efl ; Riley®™). of7]4s o

A
& AgEslelA ARl 031 27

dojxl i o] AL 59

Qi | W Oty \
or * I3 + 0z =0 (0
dw _  Oun 0wy Om . OO
ot 1 or Um 37 w3 > Wm 0z

1 [1 of du)_ @ VQQUL}
Res[?’ (’)7(7 ar> —2+ 27 (83)

%‘;L:' a)ré{;yf*~ um'%f,l + 0)3‘(21”:}‘ - wm’%%

Un@s—Upen 1 [1 [ Ows
+ y +Res[r 6r<r 8r>
2
2] w
Bws . Owm _ Ows , Odwm . dws
5F TWig, Tumg tes gt ey,
1 [1 o0 dws ﬁ@ﬂ
+'Res{r ar<’ 3 )* a7 (8c)

S wl soapat 9oz A ojelsh ko] HelMeh,

ov

w== 5 (9a)
= 0L 0T (9b)

(674 o}

(;5"1 U1
R AR R 4 C
ws (9? + ” (9>
A (ga), (8b) W (80 A e o W wrk
7 A sla, o] Algol FHeg @, Uy, oo 7
2 A1 (9a), (9b) T (9c)ell o AAHet, e
g 4 Q)5 (90F 4%, @ e AAsol
S Aeleld ¥ 4o AL el ohdd @ &
ek ol $2l7k wesn e AdEel gol

i3 o

2ab7) W ol pehid daboleh, o] whE AelA
Adodat ¥ L@ Aoll4l= 4] (8a) W (8b)F A
9ate] @ wd Tabil A (a)ye] o8 §&
3 5 owem A (90) B FEHE wE ARSet el
g3, @b el A, @k @ A (73 (9b)

2 oofgion Fold Falof dek ol AW &

.

i
ol

o
9

= = ©
Aol A e

& BT i sh

ot ¢

oy 0f

mEne, »ar (10)
o} ko]l Hojghriwl ol&w}AA (7)2 HFAHoR
uhEvd, 4l (Ob) =

,,_a_zﬁAf.;ﬁlL _@ifé_ e (

rt  ror g T 1)
22 b o] Poisson wh#Ale] g AA=AL
7kl 3l

¢=0 at 7=0,1 and 2=0,4% (12)
o]t}

4 (sa)eh (8b)e] A7kl R
b zbebel Aaaiel Euler 348 AHSstgieh
A7k A dte sl gt oWl weld 48

wzA 5 2E oelspR 2 alitel 7}



& ulB& glsted p- W z-vwpakog zhak [ oul g
Mol F AHAE T4, FAAEe wyew
G52 Agsteleich S dRa sjxdre

Holl Al Heolgld= F & (v]ol7dul) =i
4sls v,
& dTE AA st Poisson H Y 4
SOR (Successive Over Relaxation) ®# & 243
of Elrh,

chg, ShE kA A 98 AAlRAE nels H
b, A (8a) & ' w® r=0,1 % z=holl 4= 0

ofeifet A A

Xl

U] —.'.
2 = . ()
g o

F 4
L

>

\ig

=304 %"2_22_» RLATTET (13)
4714, U ) AAAE e, =18 b

of s ekaput,
B, @ A8 AAEAL, =001 4

y== (8¢ii2— 1/')12)~ 6 #1042 (14)
o] ahgAlg, r=1lol4]
_ (8¢u-1m— P -2 — 6 Treddr) e (15)

sheieh, 2 sfe] AAelA L

W] AAbel a3
Abramowitz &
(74

73 7] x! i Tiey 'Y
Bessel &+ % . % g4 3=
Stegun®of £ x5 FA5 A&l F3}sd
=l - AU00) o3 Aol 45,

2 H‘J Yok sg Tebe BgE s,

=3

Ao
Al

omm

(i) z /1}_/30 A, 2 HEgES 008 ¥

ofgeh, th, AANMY &, v, W o #EE Al
Hel Al (25) % (26) &2 AlAgd)

(i) 41 (8a)9} (8b) & w3} w5 T-3hri,

(iii) *«1’ (9a) % z-wpgko g ARsle] 5& T8
o},

(iv) A (9¢) 2 wsd F3r}

(v) Al '11)-9— Eof A ¢ -8k,
(vi) 4 ( ]
A (13)~(15)§_—”rﬁ1

(vii) A A e w Tt w.
e T
(viii) 4% O%%f.— ghebsta o] A kot

3973

HoodFofj i ol A g4 e elel A8 gl s)r]

A A REE Ao, Mol st

SEE Aol ol 5uag
ATl dlekshs Rt 0. 02[m]

e}, elo| & -rloﬂ—\: 173 R==0.0435[m] |

T UEY EE Fr o2 ol £4% F BE 4

59

%5 7h

s

o O
-
2

olr

x]«;l ou 4,

o o o iQ
r3L

%JL%L M6 o 0" ,(7:6_}_93\ 7]”<I§]’%
slef A88 Rl UL Fg Ay, 2
WErhe vhekst Flelde] HAHEE THAIsE

o, 2ol gat dyel J4RES A% o)
Aesgich FAlAe, dEsk ek wEd

woll 2d& b4 FeE 2HaAch selelE H)

o]3% flol 4xste] Bojgroas wloluste} Au)
$5ol od statel AWEo} WolAe BAE )
Aelsin)

e Age Az A A2

u}
B ek AAE, B0 wdelde 2455
of W Al Hrg A4 sehe AemA, ueb
of shgabel ) A Qe EE ok Mol ulg A

ez ES FYetn Wol#d $EAA FE5o

tehibe qlRbel AR E goehis Adeleh o A
7] A o axz el A

o 32 2 o] el visk

o @R e, ol

SR EERE

A= Aolrl,

Y.

510

-z O ] [s]
AdtEe] rAE

Fle A

Eol slo]E 2ol
=

FAE 4

sfof 4ol ARIFE WHE H Bz Hod
AEAAE W 44 dnrlFel Wgezye 4

. A5 & A 2] DA
Sl el EHNEY SEAY PLE A4
o]

Wabal Aoloh,

ol4ef e S ol vhopshl Wakao] o)
Fol Fadg Aeleh o Ayeld, #Aztel Auh
o dsoh §/8 FAYE

WAzl 443 45
Sl A Sk o
@ gAd 24T

U 1%-°} go] & $iol

A 25EEE 2 Ak Fol FANE AHEsiel



3974 A & A
QAaE ARFo] FUF H, A Aol wal
Qdarl Wysts vk daoz FAHEe ok
A2 AYA o BAsE Aol o AL =
3, Erhwiatel $% Ao Az $E% ubekg s}
otdte W 2 FH %A 9ot

5. 201 ¢ 24
5.1 £x|3|4 &t
WE AASEY YEHE fi T Y W10

1.0
fie

}, B oA E o]E9 Fated "ot
L7190 ¥t RE 0.0435[m]=®, %9 2557
TE 1{s]g, 239 2%53% R% 0.02[m]%,
ol SHANA4E 10°°(m¥/s] 2 dtglc}, Fig 1
H=0.06,0.04 & 0.02[m]ol] dja} 77 ZFghd
o fA(F ¢-aWeal (level line)) & BoiFi
Zuo)4 st m FAFANA
$ malnh oL, ahwelx
AA%E Exe SHelAe AAZ Ll vl

& guldiet — a2} Hol] He F
sobxled shulolAle] A%

[e] =~
vl A 2R

o 1

2 o o> ¥ ox rfo

-
-]
T

0.8 |-

os |

0.2 -

' e

0.8

0.0,

(a) H=0.06{m]

. vl
ha

iy

=
o

BEEREEEE

H=0.01[m]& 3},
5]

3t Fr1H2

o #eolE2s Rest #4AA
[m?/s]ell 4] 107°, 107*[m?/s]&} 7ol v
steh Fig 2+ 2 A2 4, AR%E Res7t H4

-3 =

Y43 Ee ¢ 4 9ok

| AAAAN LARAS LAL

() H=0.02[m]

Fig. 1 Numerical results of the streamline patterns of the steady inner flow on the axial plane for
three values of H shown. The increment of ¢ is 107



AL Ese AFHY FFEH —FH Y o Ay

06 0.8 1.0

(b) Res=25
Fig. 2 Numerical results of the streamline patterns
of the steady inner flow on the axial plane for
two streaming Reynolds numbers shown. The
increment of ¢ is 107

Re;7b 4 84E sidigAE: axprt dodixoes
F71vhe Aoloh, 53], Res=25¢4+= F 719
AR dE5d 2719 Aleo] velde, olz <ld F
ARl FAl7E 73get, o] HE, £ Resoll A

stajoll o AAL ) ofskag wWista £}

= 5 2
3wk Reold @S waalA sl: A

Resoll 4 + H
(vorticity) 7} a}wd 7}3dAlele] B4y $F& F3
3 FARR gl 2 Ai"e] g Frbsln
ol 2 ol dhuleoll el HEAIAMIEE etx e Frlst
A= 7] wifoln (Fig. 19 H=0.02[m]9] 7<%
of fal & A=), Y& Reolds dAaasnz
oldto] 2 AlEo] el A wlfoz Hebdc],

52 7iAME AE Aot

sletol 4] HARE WS Ha3s] 9 s,
Aol 4 Adwdd wiob o) 2ERe AE o
o) shgate] 43ol 4l 5 A7) Aol el

7ol 12l A2 E AAFA s, Fig.
AEa FEol pURYGor FALE Feln
g o 4 gl Fig 3(a)& ol&al4el As
(24)8) %5FoHE o] Gated whekol wh al%
Aejel 5% A 5 1AL Aol el
ufetol

]

|
I

,\
o
=
e
lll
30 L ome

ook > o
3
O
Ly
)

M

g A ol F, A Al

3975
/r\
‘;\;7)
\\\\\ / g
)

(a) Analytic solution
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Fig. 3 Long-time trajectories of the fluid particles
very near to the bottom surface of the cylinder
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Figr. 5 Continued
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(h) 10min. 58sec

Fig. 5 History of deformation and movement of a vertical dye-line initially located at the left

-hand side of the circular cylinder.
ulel AAE o v} 74 u) 3} HE 4] H o] w7k 2 Q)
& Agold 37 Asted Adgeld 4P
o A9e +H9ste wach Fig 5t A9
AE BoAFy 9ol Hzo| FHAZFo $Hoz
AR o B7Fe] 2aFolt ulHtol4E FAR
, v AAE EBR AREY oldE wpEe
, 223 2 Aelell e bl FARE o Fay
€ % 4 Aok &, Fig qollA 2AA S4E
Rolx Qe Zojrt, 14 452 Foll& ulgtel 7fe}
°%°} Al dE folw BF gatse] Wy, 3¢
2Rl FAFAM 4 %':'3“: dEEsE & F
‘iler. ol drErlv A4 AwEH A 2 o}
ol GAA meko ZH“—“JEJ GAkghet,
Aol tefe] -2 oke] dg 7 AEsled Mket
FAFA YAz ete s mel JrFEIIE WK
=z 2*1117} FAkste] 5Ho] Rsjo] dAjdl zAks

]

do oz oo oo

Wgleh, Fodo daFgrle dHolgs o= £l
AAAFIR A A8 steteked olv Fakel AA
3 dae dest F9 AAe AR FE £
o, webd fH2 $43 £ glE A £ F4
T8FE A AAdE & F Uk o] AF A
2 3 ZA(F, Res=2500)014 FA el
e AdFEel f2 Fidde sAHLH A
(ofl, Fig. 1)t ¥ X ghet

=3
il
stk wigtel e FAE Fsiv, F

4% e

H=0.04[m), N=55[rpm]

004[m] N =55[rpm]

(¢) H=0.02[m], N=45[rpm]
Fig. 6 Stretched patterns of dye blobs on the axial
plane a few minutes after the dye was dropped
near the center.



H=0.02lm)l 2%l 49 %

e Aoz d2d v gled (Fig
10)), oIAE zael4 2 s} o] AYA
sz ek e, AATE SRR Aju
o el FANAI B A% ol Aoz vrht
2 gled, ok Agolxe) No| 45(rpm]ezA
22804 2720 60{rpm]uch 27] w¥ol Ziol
Al @7t Folient ®ah Resk SAlo] ol

At o)ol

Aol 2 fddll Aoz dEHdg, 28w, H=
().()4[m] ol Aol A= Ale] ZFAle] ARFHW ol
&718 FFel EAste Aoz dFIded,

A=l qle}(Fig. 1(a)
1(b)=} Fig. 6(b) & 7t
H=0.06[m]¢] 7%l
ahel 7h 43 s A
AHe Hole

a2 Uele

olHe H4 AgAez &
o2]lx Fig
7). I‘%“&,
ERELIE
BTN %ow S
o] (Fig. 1(a) ¥} Fig. 6
dAzAE 4 4 8
g3, Gardner & TattersonV2] 7}A] 3} A& o]
A, 29 7% (Re=880, Res=150) FA4 ¥l A
fr5o] Asste ol TAE

2 AFelAE, INLETEHE UEY 47
o AFEAE AL AT g
of HAHE APREL

We E8ste] zAbatoch 2 AsE gobey

2o Zre,

N

Res7} 25109 o, 4
0.345~1.38742] &4
Aoz 73 A3, W
],_,-_7_ %A]Boﬂq xL
2l
1ol Ao} 7AA %

e
N
4

ax
x2o

olo

q rz
o dr oop o2

S o

T
, = 2

=

e

2
2

1

7 7}

B
>
ol

oft
o
A
o
ol

ol

wlo on

O]
o2
ox
FU
-{m
il
& o
Ho

w2 ol rfr

rir 4o
>y ol
flo
e
0

w ©
RUNPY I

(2) Resst 4
wohe Az Tk

ahof 250

e
©
of wf, FAlHolHE 4

Az B

7t S,
3) whetol o -

( i
FAE 7H4 5 4—1%011 oe) g Az o2 o
ol o) Fi 7&4% A e, olo] whe} ¥ o
Fol el olga Y W FANAL BB o >

213

W) A8 Agel 3l Fol el FEAE
T AsE WESE el
Soll A Aa) 49 Astel dA et

= 7

2 dre 30 94 Al A AT oA
A7l (AW Z : 941-1000-045-2) ol 2] Ffo]
Hsjglony, olo] WA A oje]EA A=Y

S gk e

(1) Ottino, J. M., 1989, The Kinematics of Mixing :
Stretching, Chaos, and Transport, Camb. Univ.
Press.

(2) Cox, S. M., Drazin, P. G., Ryrie, S. C. and
Slater, K., 1990, “Chaotic Advection of
Irrotational Flows and of Waves in Fluids,” /.
Fluid Mech., Vol. 214, pp. 517~534.

(3) Mantell, S. H. and Smith, H., 1983, Plant
Biotechnology, Camb. Univ. Press.
(4) Bu'lock, J. and Kristiansen, B., 1987, Basic

Biotecnology, Academic Press.

(5) Dore, B. D., 1976, “Double Boundary Layers in
Standing Surface Waves,” Pageoph, Vol. 114, pp.
629~637.

(6) Iskandarani, M. and Liu, P. L. -F,, 1991, "Mass
Transport in Two-Dimensional Water Waves,”
J. Fluid Mech., Vol. 231, pp. 395~415.

(7) Iskandarani, M. and Liu, P. L. -F., 1991, "Mass
Transport in Three-Dimensional Water Waves,”
J. Fluid Mech., Vol. 231, pp. 417~437.

(8) Riley, N., 1984, “Progressive Surface Waves
on a Liquid of Non-Uniform Depth,” Wave
Motion, Vol. 6, pp. 15~22.

(9) Abramowitz, M. and Stegun, 1. A., 1972, Hand-
book of Mathematical Functions, Dover Publica-

tions, Inc.



— A Bl A 3979
(10) A4, 199, % el 5 terization of Mixing in Shaker Table Con-
A, darzbelalel alAl A tainers,” Biotechnology and Bioengineering, Vol.

[oR] 4

A
39, Pp. 794-797

ul E
= E—BL =

ATE A,
(11) Gardner, J. and Tatterson, G., 1992, “Charac-



