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Formation of Coherent Vortices in Late Wake Downstream of

an Object in Weakly Stratified Fluid

Sungsu Lee"" - Hak=Sun Kim'
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Abstract

Decades of studies of geophysical flow have unveiled that the flow downstream of obstacles in stratified flow consists of attached wake

and strong gravity waves, or separated, fluctuating wake and persistent late wakes, Among unique and interesting characteristics of the

stratified flow past obstacles is the generation of coherent vortex in the late wake far downstream of the object, Unlike in homogeneous

fluid, the flow field downstream self—develops coherent vortex even after diminishing of the near wake, no matter how small the

stratification is, This paper present a computational approach to simulate the generation of the coherent vortex structure in the late

wake of a moving sphere submerged in weakly stratified fluid, The results are in consistent with several experimental observations and

the vortex stretching mechanism is employed to explain the process of coherence,
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sHASind, SA(ofA M P2 AFRQl W] ARKE 2o E2
TR 5ol 38 F=2f 27t esk= Zdo| hakEl di Uct
(Pao & Kao 1977; Lin & Pao 1979; Smirmov, et al., 2006).
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Fig. 1 2D Karman vortex in lee of towed obstacle in stably
stratified fluid (Vorapayev & Fernando, 1996)

Fig. 2 Cloud formation of Karman vortex in lee of Jeju
island (7|AH, 2010)
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Fig. 5 Evolution of velocity fields on horizontal plane at
7 =bD and isosurface of vertical vorticity for
Re=500

JSNAK; Vol. 48, No. 5, October 2011

417



o5t Ee BRI LHSks SX £F72 TRt S AR &Y

B r T v T
P e -
ts30QO/0C DDl Urhax # .06 Uo
.........................
.........................
...... .
.........................
P - e e e e e o
L— v e e — m - -~ o ————m R
L e e o - - - B
- — - i et e 4 e e
= 0 N L
- e . —_ - - e . ———
B R R ————— = = = == - ——— = — = A e
= = - . = — = e ey e e ——t
- - R [ PR
................. O
...................
............. .
.........................
........................
.........................
.........................
.........................
1 A SR S LA AL LA L S S

Fig. 6 Evolution of velocity fields on horizontal plane at
z=5D for t=300D /U for Re=250

32 4 %
Spedding, et al. (1996)2 Z4HFoIA T+ /ol L=

et ST 7o offol thsh AEs s
3 W R4 7MRAICH (Gaussian) 225 Holz HE 22

HA =
2| 20%0] 0|25 "ol £2 By,
2|

7He| obF Atole] A

HU

2!

1o

oh

@ on
K

o

iR
rok -

-II'I 2

Fig. 5ollA E= diet Zo| 2 siAe| 4+ >150D /U ol M
YOMo=Z [ w5.6D 2 LIEIHE & 4 UCH ol Lw/u &
FI|1E Zt= =8 (vortex shedding)oll aiEsin ForsE
f 2 Melsk= 42, Strouhal ==, f D/U=0.1782 LIEIE 5
2Ich 0l= Chomaz, et al. (1993)2] Re=50000i Cist A&
M LIEF+ 0.175, Spedding, et al. (1996)2| 0.1732F 3H Xt
0|7} LiX| 2= Zafelg & o ULk

Fig. 82 Re=2502} 5002| Z-<oll ¢ =300D /U oll sHEShH=

—
SEme| M BF 54 ETE LERICE S0lM oiFs
Hiel 20| EFe B2 JIRAlet 225 LIEL D USS &
= Uch
: ! Y

1
;Umax

Fig. 7 Schematic description of streamwise—averaged
velocity and wake width B w

5
a
3
2 — O
1 il LX -
YO | D
1 = ﬂ-a’—:i&:'_""s=
-2 el -
-3
=@ Re=500
-4
=B +~Re=250
-5
0 0.2 0.4 0.6 0.8 1

U(Y)/Umax

Fig. 8 Streamwise—averaged, mean velocity profiles, U (Y )
for Re=250 and 500 at ¢ =300D /U

3.3 8%l obRol oy

310 2ol vl Q= THRUS| el EME o SHEF 6
Ak (vorticity stretching) (Schlichting, 1979)2=2 Mudsh 4=
Boussinesq 7F82t ¢.) ¢., ¢S 1T ¢,0f B YA

2 Cha2t ok

D¢

z

Dt

=Cw,, (12)

el g7 §40IT SAler R0 Suet 2ol y 7}
ol 72} ¢ 2} 240(3 w 7} S50l TZllM ¢ 7} 7}

4 9lck ol2 2ol Sisl 1 =25D /UM ¢, w .
AE0l ¢ .2 Fig. 90| LIERIRICH

0

ok
o

fo ok
k1 o
_Ii?ﬂ m

g —

e —
E—

Fig. 9 Vertical vorticity (a), vertical gradient of vertical
velocity (b), vertical vorticity stretching (c) at
t =25D /U and vertical vorticity (d) at ¢ =300D /U
on Horizontal Plane

418

et Mesl=R27 M 48 7 A5 5 2011 102



Fig. 9(a)oil 2= dfet Zo| ¢.7} x £S 7122 2o}
=STE HRX tiaxel gMg 2ol Fig. 9(c)oll LiEHt
¢ v A= REXOl 27 xS LIELYY| AIRfSIgCE o Ze
ot a2 AlZio| Zof iz} H Fsie| D Fig. 9(d)oll 2=
bRl Zo| ¢ =300D /U ME F30| TREE ST Pz

o3} ekl Hiol sRdlel o 27 Hue us,
2 S0l BB 4zo| Moz olofxle] o= 249 23l
ozge| Mot watoR e "Woial A|de| KSR Fe
£ olxA gk

olZ JMAIEFSE| $1310f HAleietel Sied, =10 of aHEtst
= wo| 2RYE 8% v of AlZloll TIE WES Fig. 10014

2oiFL Act ol LHE Fololl {x|eh HHe| £SO
Moz Jlofshks dEez AesH ZA SIS
1HE 29, =24 FF2 A7 ool 2d5= SE F=9
oz ofME £ Ak AL ks AL ALRE = X
Zlol= x Foll thEel 2= I

2t shFoilM dd=l= S Z
byt m=o| LiE-

t=25D/U

t =150 D/U

t=300D/V

Fig. 10 Evolution of Vertical Velocity on Horizontal Plane
at z=10D

2 &AM 282 sk= A7t X2t 2ol AlZHo] ZldEtol|
2 Wysh= TRl STE Aol HMof| thS Mt ZAE
FH5I L) Boussinesg 7ol 25 LE Hsp| FEistoz
nEE 2T WHAD dzol M& AR {5 QAMD}
F™E QRHol o$k A7 MEo| o =X HE FSINCH.
olz ¢l Exl= 28 uet 22 S 08510 LIERHII20,
S=&| digk ofo| HStE MEBIOEN ofro| Mant SEn
Y2 LiEplACE O An ci3nt ¢2 sS4 =elsitint

(1) A Flof 24 =Foll Ldsts SHle| 2EMel wete

|.E AEE AD:{5|04[:|,

(2) ZHFE AlZlo| Zo| w2t YRiskt JYE| D, S of
o &zlol oo 2tzel SETIF ZofX|A =of, HHA
of Fa&el Zo|&lut bRt MAECE

(3) THrof W sk= SRE obF= MM 2X12 =& 1)
SABPH BASin, BT F50 Hus 2EE ol Ay
Q10| A LIERCE HERE 20| THRAIQH EXE LIERHCE

(4) SXEl o}7e| F7|& Strouhal = 0.17801 sHEE 0 of=
Olnt Al eie| Zajel & olxlskn 2ok,

(5) THF UWRo| ol SHE sME oiR 42T E&En
HMeb 950 A5 280l ofF % HAMCR MYH £
RALCE,

(6) EMTolAe] otTo| ST SAusoR HHAE 0] £5
aeko| RS FAL 2bFel Mo P&k2 o|Zic
% 7|
2 =22 FE2aA S5t dATMEe X[eZ (RS,
AI1EH
Baines, P.G., 1977. Upstream influence and Long's

model in stratified flows. Journal of Fluid Mechanics,
82, part 1, pp.147-159.

Brooks, A. & Hughes, J.R., 1982. Streamline upwind/
Petrov—Galerkin formulations for convection dominated
flows with particular emphasis on incompressible
Navier—Stokes equations. Computational Methods in
Applied Mechanical Engineering, 32, pp.199-259.

Castro, |.P. Snyder, W.H. & Marsh, G.L., 1983. Stratified
flow over three—dimensional ridges. Journal of Fluid
Mechanics, 135, pp.261-282.

Chan, S.T. Gresho, P.M. Lee, R.L. & Upson, C.D.,
1981. Simulation of three
dependent, incompressible flows by a finite element
method, Lawrence Livermore Laboratory Report
UCRL-85226.

Chomaz, J.M. Bonneton, P. & Hopfinger, E.J., 1993. The
structure of the near wake of a sphere moving
horizontally in a stratified fluid. Jounal of Fluid
Mechanics, 254, pp.1-21.

Fung, Y.T. & Chang, S.W.,
signature of organized vortex motions in stratified fluids,
Physics of Fluids, 8(11), pp.3023-3056.

Gill, A.E., 1982. Afmosphere—ocean dynamics, Academic
Press, San Diego, CA, USA.

dimensional, time—

1996. Surface and integral

JSNAK; Vol. 48, No. 5, October 2011

419



o5t Ee BRI LHSks SX £F72 TRt S AR &Y

Hubert, L.F. & Krueger, A.F., 1962. Satellite pictures of
mesoscale eddies, Monthly Weather Review, 90,
pP.457-463.

Karniadakis, G.E. & Triantafyllow, G.S., 1989. Frequency
selection and asymptotic states in laminar wakes,
Journal of Fluid Mechanics, 199, pp.441.

Kim, M. & Koo, W.-C., 2010. Numerical Analysis of
Hydrodynamic Forces on a Floating Body in Two—layer
Fluids, Journal of the Society of Naval Architects of
Korea, 47(3), pp.369-376.

Lee, S., 2000. A numerical study of the unsteady wake
behind a sphere in a uniform flow at moderate
Reynolds  numbers. 29(6),
pp.639-667.

Lee, S. & Wliczak, J., 2000. The effects of shear flow on
the unsteady wakes behind a sphere at moderate
Reynolds numbers. Fluid Dynamics Research, 27(1),
pp.1-22.

Lee, S. & Yang, K.S., 2004. Flow past a Sphere in
Density—=Stratified Fluid, 7heoretical and Computational
Fluid Dynamics, 18, pp.265-276.

Lin, J.T. & Pao, Y.H., 1979. Wakes in stratified fluids,
Annual Review of Fluid Mechanics, 11, pp.317-338.
Lin, Q. Lindberg, W.R. Boyer, D.L. & Fernando, H.J.S.,
1992. Stratified flow past a sphere. Journal of Fluid

Mechanics, 240, pp.315-354.

Computers &  Fluids,

Long, R.R., 1953. Some aspects of the flow of stratified
fluids: 1. a theoretical Tellus, 5,
pp.42-58.

Pao, HK. & Kao, T.W., 1977. Vortex structure in the
wake of a sphere, Physics of Fluids, 0, pp.187-191.
Schlichting, H., 1979. Bounaary layer theory, McGraw—Hill.
Smirnov, S.A. Voropayev, S.I. Fernando, H.S. & Smith IV, D.,
2006. Wake instability and dipole formation in stratified
fluids, 4th International Symposium on Computational

Wind Engineering, Yokohama.

Spedding, G.R. Browand, F.K. & Fincham, A.M., 1996.
The long-time evolution of the initially turbulent wake of
a sphere Dynamics of
Atmosphere and Oceans, 23, pp.171-182.

Voropayev, S.I. & Fernando, H.J.S., 2010. Wakes of
Maneuvering Body in Stratified Fluids, Frogress in
Inaustrial Mathematics at ECMI 2008, Mathematics in
Industry, 15(2), pp.261-266.

Yih, C.=S., 1980. Siratified flows, Academic Press.

investigation,

in a stable stratification,

420

et Mesl=R27 M 48 7 A5 5 2011 102



