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A Study on Flow Characteristics in the Wake of a Circular
Cylinder by Direct Numerical Simulation (DNS)

Shin-Jeong Kang

Lepartment of Mecharnical £Fngimeering

Craaiate School, Korea Maritime University

Abstract

Flow characteristics in the wake of a circular cylinder and those of
the flow past an oscillating circular cylinder are computed numerically
using Direct Numerical ~ Simulation(DNS)  with a  higher-order
finite—difference scheme. The higher—-order finite difference scheme
is employed for the spatial distributions along with the second
order Adams-Bashforth and the first order Backward-Euler time
integration. In x-y plane, the convection term is applied by the

fifth or the seventh order upwind scheme, and the pressure and
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viscosity terms are applied by the fourth order central difference.
In spanwise, Navier-Stokes equation is applied using Spectral
Method with a period boundary condition. The grid system
makes use of the regular grid system and the lattice is
generated by an elliptic equation.

Laminar two-dimensional, time-dependent flow past a circular
cylinder is numerically investigated using DNS for the low Reynolds
number (Re=45~280). And two-dimensional flow past a circular
cylinder is also numerically investigated for the comparative high
Reynolds number (Re=2000). The calculated results of drag
coefficients, lift coefficients, pressure distributions, vorticity
contours and other informations are compared with experimental
and numerical ones. These results obtained by the present DNS
show good agreement with the previous studies.

Three—-dimensional time-dependent flow past a circular cylinder
is examined using direct numerical simulation for Reynolds
number 220, 250, 280 and 300. The secondary instability leads
to three—-dimensionality with a spanwise wavelength about 4
cylinder diameters at onset (A-mode). At Reynolds number 259,
the two—-dimensional wake becomes linearly unstable to a
second branch of modes with wavelength about 1.0 diameters
at onset (B-mode). Results of three-dimensional effect in the

wake of a circular cylinder are represented with spanwise and
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streamwise vorticity contours in terms of Reynolds numbers.

The flow past a circular cylinder forced to vibrate transversely
is numerically simulated by solving the two-dimensional
Navier-Stokes equation modified by the vibration velocity of a
circular cylinder at a Reynolds number, 164. The calculated
cylinder vibration frequency is between 0.60 and 1.30 times of
the natural vortex—shedding frequency. The calculated oscillation
amplitude extends to 25% of the cylinder diameter and in the
case of the lock-in region, it reaches to 60%. It is made clear
that the cylinder oscillation gives influence on the wake pattern,
the time histories of the drag and lift forces, power spectral
density and phase diagrams and so on. It is found that these
results include both the periodic (lock-in) and the quasi-periodic
(non-lock-in) state. The vortex shedding frequency equals the
driving frequency in the lock=in region but it is independent in
the non-lock-in region. The mean drag and the maximum lift
coefficient increase with the increase of the forcing amplitude in
the lock-in state. The lock—in boundaries are also established

from the present direct numerical simulation.
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Nomenclature

Oscillation Amplitude

Oscillating Acceleration

Drag Coefficient

Mean Drag Coefficient

Drag Coefficient by Friction
Drag Coefficient by Pressure
Lift Coefficient

Maximum Amplitude of the Lift Coefficient
Lift Coefficient by Friction

Lift Coefficient by Pressure
Diameter of a Circular Cylinder
Forced Oscillation Frequency

Natural Vortex—Shedding Frequency
The Ratio of Forced Oscillation Frequency
and Natural Vortex-Shedding Frequency

Grashof Number
Spanwise Length

Jacobian Determinant
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Table 3.1 Computational Condition

40< Re=< 100| 164<Re=<300 Re=2000
45, 47, 48,
164, 200, 220
Re No. 50 2000
,250, 280
,100
Grid No. 35,000 52,000 130,000
Time Interval 0.002 0.004 0.0005
Min. Grid
. 21/186 21/300 21/900
Size
Representative | Cylindrical Cylindrical Cylindrical
Length Radius (R) Radius (R) Radius (R)
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(e) Re=100, T=200

Fig. 3.5 Vorticity contour according to Reynolds number
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(a) CL=0.351324, T=127.95 (b) CL=0.713154, T=128.20

(e) CL=0.63155, T=131 g (f) CL=0.28042, T=132.13

Fig. 3.8 Comparison of lift coefficient by vorticity contour

at Re=280
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(e) Re=280, T=200

Fig. 3.11 Vorticity contour
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(b) Magnification of vorticity contour

Fig. 3.13 Vorticity contour at Re=2000 (T=100.7)
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(c) T=99.5
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(b) Velocity vector

Fig. 3.15 Pressure contour and velocity vector ( T=985 )
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Fig. 3.16 Time history of drag and lift coefficient (Re=2000)
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Table 4.1 Calculation Condition

A-mode B-mode
Re No. 220, 250 280, 300
Spnawise Length 4.5D 2.5D, 4D
Grid No. 278%280%64, 278x280%x128
Min. Grid Size 21/280 21/280
Time Interval 0.004 0.004
Computer SR 2201 SR 2201
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St=fD/U
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0.10 : =

Re

Fig. 4. 1 Variation of shedding frequency with Reynolds number
from experiments and simulations

: Hammache & Gharib (1991)
: Williamson (1989)
: Three—dimensional simulations from Mittal (1995)
: Three—dimensional simulations from Henderson (1997)
: The solid line is a curve fit to two—dimensional simulation

data up to Re=1000 from Barkley & Henderson (1996)
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[ : Present study

H : Spanwise Length

D : Diameter of a Circular Cylinder

Fig. 4.2 Schematic of a three—dimensional circular cylinder
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(a) Physical space

3

(b) Calculation space
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Fig. 4.3 Grid generation

Fig. 4.4 Spanwise vorticity contours at Re=220

( Contours are evenly spaced over the range —-5< § <5;

spanwise vorticity-Karman vortex street )
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Fig. 4.5 Spanwise vorticity contours at Re=250

( Contours are evenly spaced over the range -5<7¢ <5;

spanwise vorticity-Karman vortex street )
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Fig. 4.6 Streamwise vorticity contours at Re 220
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( Contours are evenly spaced over the range -0.3 < <0.3 )

Fig. 4.7 Streamwise vorticity contours at Re 250



( Contours are evenly spaced over the range -0.3 < <0.3 )

Fig. 4.8 Vorticity contours at Re=250
Solid line : Spanwise vorticity contour ; Gray level color :

Streamwise vorticity contour
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Fig. 4.9 Iso—contours of spanwise vorticity at Re=250
( Iso—contours at value -5.0< % <5.0 )
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(a) Side view

(b) Top view

Fig. 4.10 Iso—contours of streamwise vortex structures at Re=250 (
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Iso-contours at value -0.3<¢ <0.3 )

A=408D

(a) Re=220

v

o’
y v

a49%.

(b) Re=250

A=4.00D

Fig. 4.11 Streamwise vorticity contours of y-z plane
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Z/R

(@) Re=220

Z/R
O P N W A 01 O N 0 ©

(b) Re=250

Fig. 4.12 Streamwise vorticity contours of x-z pane
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(a) X-vorticity values in terms of spanwise length at Re=220

( position :

ENENEN NENRE SNRNANANE NNANANEN MAANA WA
2 25 3 35 4 45

Z/D

NI R
1 1.

x=1.012D, y=0.74D, z=0"4.5D )

0.20¢

0.15‘:— -
> 0.10F ',.
G 0.05F S
£ 0.00 '\-—\,. /
> -0.05¢ -
> -0.10F . !

-0.15F -

0 05 1 15 2 25 3 35 4 45
Z/D

(b) Y-vorticity values in terms of spanwise length at Re=220

( position :

x=1.012D, y=0.74D, z=0"~4.5D )
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(c) X-vorticity values in terms of spanwise length at Re=250

( position : x=5.10D, y=-1.33D, z=0"4.5D)

Fig. 4.13 X-vorticity and Y-vorticity values
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3/4 H

Fig. 4.14 Spanwise vorticity contours at Re=280
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(Contours are evenly spaced over the range —-15<% <15 ;

Spanwise vorticity-Karman vortex street)

Fig. 4.15 Spanwise vorticity contours at Re=300
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(Contours are evenly spaced over the range —-15<% <15 ;

Spanwise vorticity-Karman vortex street)

Fig. 4.16 Streamwise vorticity contours at Re=280
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( Contours are evenly spaced over the range —-0.35<% <0.35 )

Fig. 4.17 Streamwise vorticity contours at Re=300

( Contours are evenly spaced over the range -0.35< ¢ <0.35 )
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Fig. 4.18 Vorticity contours at Re=300

Solid line : Spanwise vorticity contour ; Gray level color :
Streamwise vorticity contour

Fig. 4.19 Iso—contour of spanwise vorticity at Re=300

Y\E/}{

Iso—contour at value —15¢%_<15
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(b) Re=300

Fig. 4.20 Iso-contours of the streamwise vortex structures
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Iso-contours at value -0.3<¢ <0.3

y=0

Fig. 4.21 Streamwise vorticity contour of y—-z plane
at Re=300

0.99 D |

X/D=2.50 X/D=5.0

Fig. 4.22 Streamwise vorticity contour of x-z plane
at Re=300
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Fig. 5.1 Schematic of an oscillating

circular cylinder
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ig. 5.2 Grid generation (physical space)

Table. 5.1 Computational condition

Re No. 164
Time Interval 0.004
Grid No. 52000
Min. Grid Size 52000

Table. 5.2 Computational parameters of an oscillating

circular cylinder
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(b) £=1.15/,

Fig. 5.3 Power spectrum of the lock—in region

( Re=164, A/D=0.1)
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Drag and Lift Coefficient

Drag and Lift Coefficient

the fixed circular cylinder
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Fig. 5.5 Time histories of a drag and a lift coefficient of

the lock—in region
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Power Spectrum

Fig. 5.6 Phase diagram of the lock—in region

( £=1.0, A/D=0.1)
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(b) £=0.65 A/D=1.0

Fig. 5.7 Power spectrum of the non—lock—in region
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Fig. 5.8 Time histories of a drag and a lift coefficient of the

non—lock—in region
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Fig. 5.9 Phase diagram of non—lock—in region

( f,=1.2, A/D=0.1)
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(a) A/D=0.0,
fe/fns=0.0

(b) A/D=0.1,
fe/fas=1.0

(¢) A/D=0.15,
fo/fis=1.0

(d) A/D=0.25,
fo/fns=1.0

Fig. 5.12 Vorticity contours in terms of amplitude ratios

(Lock—in region)
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Fig. 5.13 Vorticity contours (Lock—in region)
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(d) A/D=0.35, y=-0.2622D
Fig. 5.14 Streamlines for f/f;s=1.10 and A/D ranging
between 0.1 and 0.35
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[A/ID=0.1, T=210, y=-0.0998D| [A/D = 0.1, T=240, y=-0.0368D] [A/D = 0.1, T=270, y=0.0685D]

Q) @ )

[AID = 0.15, 1=210, y=-0.15D] [A/D = 0.15, T=240, y=-0.0552D] [A/D = 0.15, T=270, y=0.103D]

(a) A/D=0.10

(b) A/D=0.15

[A/D = 0.25, T=210, y=-0.25D]  [A/D = 0.25, T=240, y=-0.092D| [A/D =0.25, T=270, y=0.171D]

N

(¢) A/D=0.25

Fig. 5.15 This pictures represent the transference of the length

of first vortex length according to time ( £/fs=1.0 )

_98_



A
)
i«

TGEImT |
! \m\\;,///,,ﬂ”‘ \
t\ S

g

|

8
S

Wt

(d) A/D=0.1, f/f=1.3

Fig. 5.16 Vorticity contours ( Non—lock—in region )

_99_



(b) A/D=0.1, T=245

Fig. 5.17 Vorticity contours and streamlines

( Non—lock—in region ; f/fs=1.2 )
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Fig. B—3 Schematic of Benard—Cell

Table B—1 Computational Condition

Pr Number 0.7

Gr Number 5000, 50000, 100000
Ra Number 3500, 35000, 70000
Grid Number 40>200

Time Interval 0.0001

Heat Source 80, C

Cool Source 20, C
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Fig. B—4 Temperature contour according to Ra number
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Fig. B—5 Velocity vector according to Ra Number
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