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Direct numerical simulation of turbulent flow behind a cylinder, wake flow, using theAbstract
random vortex method for an incompressible flu id in two dimensions is presented. In the
random vortex method, the primary variable is vort icity of the flow field. After generation on
the cylinder wall, it is followed in two fractional time step in a Lagrangian system of coordinates,
namely convection and diffusion. No closure model is used and the instantaneous results are
calculated without any a priorimodeling. Regarding the Lagrangian nature of the method, there
is a very good compatib ility between the numer ical method and physics of the flow. The
numerical resu lts are presented for a wide range of R eynolds number, 40-9500. In the init ial
stages, there is only an unstable symmetrical flow behind the cylinder and the vortex sheding is
not started yet. But, in the high Reynolds number flows, two distinctive flow patterns, namely a
and b are detected. The mechanism of generation of the primary and the secondary eddies can
be rela ted to the production, convection and diffusion of the vort icity field and the time
dependent structure of the flow field in the wake zone behind the cylinder. The length of the
computa t ional domain, downstream of the cylinder , is selected 25 times of the cylinder ' s
d iamete r. R egard ing su ch a lengthy compu ta t ional domain it is possib le to det ect the
mechanism of generation, pairing and growth of the large scale structure, eddies. Although the
inst antaneous numer ical resu lts are calcu lated, no coresponding comparable resu lts are
availab le. Therefore , the va lid it y of the resu lts in this stage is on ly qu alita t ive. For the
quantitat ive comparison of the results, after the establishment of the stat ionary state, time
averaged based indicators such as separat ion angle, drag coefficient , lift coefficient , Strouhal
number and ... are calcu lated. The numerical resu lts accurately fall within the range of the
experimental measurements.
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1. BACKGROUND
T h e u n s t a b le r o t a t io n a l f l o w o f a n

incompressible fluid behind a cylinder has been
su b je ct o f t h e o r e t ica l , n ume r ica l a n d
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experimental study of many researchers. The
first experimental study is attributed to Prandtl
in 1925[1]. Apparently the most comprehensive
expe r iment al study is done by Bouard and
Countanceau in 1980 [2]. Using the suspended
color dyes in a special equipment, they obtained
the pictures of almost instantaneous ve locity
p r o file s. H oweve r , t h e y d id no t ge t t h e
instantaneous values of quantit ie s like drag
coefficient or lift coefficients.
T h e n o n l in e a r i t y o f t h e go ve r n in g

Navie r -St oke s e qua t ion s is no t t h e o n ly
difficulty in the numerical simulation of the flow
in the range o f medium to h igh R eyno lds
numbers. The numerical modeling of the flow in
the recirculating zone behind the cylinder is also
ve r y diff icu lt . A s t h e R e yn o lds n umbe r
incre ase s, t h e in st ab ility o f t h e flow a lso
increases and a finer numerical mesh should be
u se d wh ich is accompan ie d by t he o the r
limitations.
For the turbulent flows, when the Reynolds

number exceeds 2000, special remedies should
be conside red. Among the pionee rs of the
numerical simulation is the work of Payn, whose
scheme was based on the fin it e diffe rence
method for the init ial stages and for the range
of Reynolds number 40-100[3]. His method was
la t e r u se d a nd comp lemen t e d by o t he r
researchers and has been extended up to now
[5].
The random vortexmethod was introduced

for the first time in 1973 by Chorin [6]. Later in
1978, he presented the idea of vortex sheet and
improved the accuracy of the results [7]. Later
on , a lo t of wo rk has be en done by ot he r
researchers which have been extended up to day
[9].
In th is work, not only the the unst able

r e cir cu la t ing zone beh ind the cylinde r is
considered, but also in order to investigate the

behavior of the large scale structures, eddies, in
the later times, the length of the computational
domain is extended for a much longer distance
downst ream of the flow fie ld. In contrast to
most other researchers whose computations are
performed on the large mainframes or even
sup e r compu t e r s, in t h is wo r k a lo t o f
modifications and optimizations are done to run
the code on personal computers.

2. INTRODUCTION

Numerous efforts have been concentrated on
the numerical simulation of the flow around the
cylinder; one of the most important of which is
the random vortex method. In this method, the
vorticity field is discretized into a finite number
of vortex element with the specified strengths.
Lagrangian na t u re o f t h e random vo r t e x
me thod is compa t ib le wit h t h e gove rn ing
mechanisms of the flows and the accuracy of the
numerical results falls within the range of the
experimental measurements. Regarding the flow
around a solid body, it is possible to interpret
the process of the formation of the primary and
the secondary eddie s in accordance with the
Navier-Stokes equations. To satisfy the no-slip
condit ion, the vortex sheets are generated on
the external surface of the cylinder which are
displaced downstream via the mechanisms of
diffusion and convection. Pairing of the vortices
leads to the formation of the primary and the
secondary eddies behind the cylinder. Passage
of the eddies with different size and st rength
ove r a fixe d po in t , is re sponsib le fo r t h e
apparently random induced velocity.
In the random vortex method, track of a

finite number of vortex elements are kept in a
Lagranginan reference of frame. The value of
the velocity at the center of each element is a
function of the posit ion and the strength of all
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other elements. Each time step is divided into
two fraction steps. In the first fractional t ime
step, the mechanism of diffusion is frozen and
displacement of the center of elements which is
du e t o con ve ct io n o f t h e f low fie ld a re
calculated using a fourth order Runge-Kut ta
in tegrat ing scheme. In the second fractional
t ime step, the effect of diffusion is considered
using a random walk. In vortex method, as time
st e p de cr e ase s, a lt hough t he numbe r o f
compu t a t io n a l e leme n t s in cr e a se s, t h e
numerical results converge to the experimental
measurements and hence the division of time
step into two fractional steps is justified [13].
R egarding the t racking of the vort ice s in a
Lagrangian re fe rence of frame , it is, a t ime
dependent, no-closure model and a grid free
computational method. Instead of the primary
variables, such as the velocity and pressure, the
secondary variable namely vorticity is used.

3. GOVERNING EQUATIONS
AND THE NUMERICAL SCHEME

3-1 The Governing Equations The gove rn ing
equations for the incompressible fluid in two
dimension are:

(1)ê.u = 0

(2)___ + u.êu = - êp+ ___ LuÃu
Ãt

1
Re

(3a)u = 0 on Boundary , (ÃD)

(3b)u = 0 in time t = 0

wh e r e E q u a t io n s 1 a n d 2 e xp e r ss t h e
conse rvat ion of mass and linear momentum
wh ile E qua t ion s 3a and 3b re p rese n t t h e
boundary condit ions and the init ial condition
respect ively. In these equat ions, u and v are
components of the velocity vector u in the x and
y directions and p is the pressure. Values of u, v
and p are non-dimensionalized with respect to
the free stream velocity of the fluid around the

cylinder, V and __ rV2 accordingly. Also the real1
2

t ime, t , is non-dimensionalized with respect to
V/2R where "R " is the radius of the cylinde r.
The other symbols, namely Reynolds number,
Laplacian and the gradien t are de fine d as
follows:

Re = _______rV(2R)
m

L = ___ + ___Ã2

Ãx2
Ã2

Ãy2

ê = __ i + __ jÃ
Ãx

Ã
Ãy

By taking curl of E quat ion 2, the t ransport
equation of vorticity is obtained in which the
pressure term is absent.

(4)___ + u.êw = ___ LwÃw
Ãt

1
Re

(5)w = __ - ___Ãv
Ãx

Ãu
Ãy

In reality, the transport of vorticity, is due to
the simultaneous e ffect s of mechanisms of
convection and diffusion. But, because of the
smallness of the computational t ime step, it is
p o ssib le t o divide E qu a t ion 4 in t o two
e q u a t io n s, n ame ly, 6 a n d 7 . O r , e a ch
computat ional t ime step is divided in to two
fractional steps and each of the mechanisms of
convection and diffusion affect the flow field in
the absence of the other.

(6)___ = ___ + u.êw = 0Dw
Dt

Ãw
Ãt

(7)___ = ___ LwÃw
Ãt

1
Re

3-2 Convection Using the de fin it ion of t he
velocity component , u and v, in te rms of the
stream function, y, the continuity Equation 1 is
sa t isfie d . Su bst it u t ing t he de fin it ion s in
Equation 5, will result in the Poisson's equation

u = ___ , v = -___ ,Ãy
Ãy

Ãy
Ãx

(8)Ly = - w(x)
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The solution of this equation in a free space is a
Green function:

(9)y(x) = G (x-x¨ ) w(x¨ ) dx¨

G(x) = ___ Ln (r)-1
2p

In this relat ion r is the distance be tween the
origin of the system of coord inate and the
center of the vortex element, dx¨=dx ¨ dy¨ is the
area of th e e lemen t and G (x) is the G reen
function.
In the random vortex method, the vorticity

fie ld is conside red in terms of summat ion of
vor t ex e lemen t s. The con t r ibut ion of th e
vorticity around each element is in accordance
with a radially symmetr ic funct ion , i.e . core
function fd, where d is the core radius of the
element. Therefore, the vorticity distribution
due to all vortex elements is as follows:

n
(10a)w(x) = S Gi fd (x-xi)i=1

(10b)fd =
__ f (_)1
d
2

z
d

³ _____ zÀ11
2 p zf(z) = §

¦ 0 z>1

where n, fd and Gi are the number of vortex
elements, core function and the strength of the
elements respectively. Therefore, the induced
velocity - due to the vorticity - in each
arbitrary point in the flow field is calculated as
follows [14]:

n
(11a)u(x) = S Gi Kd (x-xi)

i=1

(11b)Kd (x) =
___ ______ k (__)-1
2p

(y, -x)
r2

r
d

³ r rÀ1
(11c)k(r) = §

¦ 1 r>1
(11d)r = | x-xi|

Knowing t he ve locit y in t h e ce n t e r o f
e leme n t s, t h e d isp la ceme n t du e t o t h e

mechanism of convect ion in each time step is
computed.

3-3 Diffusion The transport of vorticity fie ld
due to diffusion is in accordance with Equation
7. I n t h e r a n d om vo r t e x me t h o d , t h e
contribution of this mechanism is considered as
a stat ist ically Gaussian dist r ibut ion [15,16].
R e ga r d in g s im i la r i t y o f t h e G a u ss ia n
distribution with the solution for the diffusion
effects, each vortex element is given a random
displacement in x and y directions, i.e. mx and my
with the standard deviation of Lst= ¡_____ and2 Dt

Re
zero mean. The mentioned random values are
calculated as Kloeden [17]. Therefore, the total
effect is due to diffusion and convection in each
time step which are calculated as follows:

(12a)xi(t + Dt) = xi(t) + ui Dt + mx

(12b)yi(t + Dt) = yi(t) + vi Dt + my

where mx and my are two independent random
values. In Equation 12, both ui and vi are made
of two part. The first part is the velocity induced
by the other vortex elements and their images
i.e. uw, uwi and vw, vwi known as Biot-Savart law
which is calculated by Equation 11a accordingly.
The second part is the velocity due to the effect
of the boundary condit ions on the solid walls
and the distance from the cylinder , which is a
velocity due to a potential. Calculation of the
latter part is presented below.

3-4 Boundary Condition On the so lid wa ll,
both the normal and tangential velocity should
be identically zero.
u.n = 0

on the boundary (ÃD)
u.s = 0
whe re n and s are un it vectors normal and
tangent to the wall.
Imaging method is used to make the normal

component of the velocity zero [18,19]. For the
vortex element at a distance r from the center
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o f t h e cylin de r , t wo image s sh o u ld be
considered. The first one in the distance R 2/r
and with the opposite sign of the main vortex,
and the othe r with the same sign but in the
center of the cylinder. The induced velocity due
to both images, uwi and vwi, are calculated in
accordance with Equation 11a).
In order to satisfy the no-slip condit ion on

the solid wall, vor tex she e t s are employed.
These vortices are in it ially gene rated on the
solid boundary. Late r , due to the diffusion
effects, they are separated from the solid wall
and are moved inside the flow field. Within the
distance Ds from the solid wall, vort ice s are
sheet type and beyond that they are considered
as blob type [16,20].
In order to establish the boundary condition

far from the cylinde r , the ve locity due to a
potential, up and vp, are considered. Therefore,
the components of the total velocity in arbitrary
points, u and v, are as follows:

(13a)u = up + uw + uwi
(13b)v = vp + vw + vwi

where up, vp, uw, vw, uwi and vwi are velocit ies
due to the potent ia l, vor tex e lement (both
shee t s and blobs) and images of the vortex
element (both sheets and blobs). Both u and v
are used in equations (12a and b) to calculate
t h e va lu e s o f x( t + Dt ) a n d y( t + Dt )
respectively.

3-5 Vorticity Distribution within the Vortex
Sheet If a vortex is within the distance Ds from
the solid wall, it should be of shee t type and
dist r ibu t ion o f t h e vo r t icit y a round it is
considered as follows:

n
(14)w(x) = S ß zi fL (x-xi) dxi=1

(15)fL(x) =
__ d(y) {H(x + __) - H(x - __)}1
h

h
2

h
2

where d(y) is D irac delta function, H(x) is the

Heavy side function, h is the length of sheet and
zi is the strength of the sheet respectively.

4. NUMERICAL SCHEME AND THE MEAN
DRAG AND LIFT COEFFICIENT

4-1 Steps Diffe ren t st eps o f th e numerical
algorithm are as follows:
(a) Perimeter of the cylinder is divided into m
segments and the induced tangential velocity in
the center of each segment is calculated. The
value of the induced velocity is assigned as the
strength of the vortex sheets in that segment.
Th is value is compare d with the maximum
allowable strength for each sheet, i.e. Gmax, and
an integer number of sheets with the strength
less than that are generated.
(b) The induced ve locity due to the othe r
elements in the center of the sheet is calculated.
( c) U sing t h e ra ndom walk me th od, t h e
displacement due to diffusion is calculated.
(d) U sing Equat ions 13a and 13b, the to tal
velocity for each vortex is calculated.
(e) Using the Relations 12a and 12b, all vortex
elements are moved to the new location.
( f) In order to keep the computation volume
within the applicable range and drop the less
important vor tex elements, downstream and
beyond the 25 times of the cylinder's diameter,
all vortices are deleted. If a vortex element falls
inside the cylinder, it is also deleted.
(g) Of course, in the new situation, the no-slip
condit ion is not satisfied anymore. Therefore,
in accordance with step (a) above, the velocities
at the center of segments are calculated again
and steps (b) through (g) are repeated.

4-2 Calculation of the Coefficient of Drag and
Lift The drag and lift forces are gene rated
from two sources. The first, is the viscous forces
due to the effect of fluid on solid walls, and the
other is due to the net effects of pressure from
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the flu id to t he body su rface . Knowing the
coefficient of each force, the value of that force
can be calculated.
(a) Darg coefficient

(16)CD = (CD) m+ (CD)p

where, (CD) m and (CD)p , are drag coefficients
due to viscous and pressure e ffects which are
calculated as follows:

(17a)(CD) m =
___ß w Ã sin q dq
-1
Re

(17b)(CD)p = ß p Ã cos q a dq

(b) the lift coefficient

(18)CL = (CL) m+ (CL)p

where, (CL) mand (CL)p , are the lift coefficient
due to viscous and pressure e ffect s and are
calculated as follows:

(19a)(CL)m =
___ß w Ã cos q dq
-1
Re

(19b)(CL)p = ß p Ã sin q a dq

In R e lat ions 17 and 19, w Ã and p Ã are the
va lue s o f vo r t ici t y an d p r e ssu re o n t h e
per imete r of the cylinder and all integrations
are performed numerically. The instantaneous
values of the coefficien t of drag and lift are
calculated for the different Reynolds numbers
and after t ime averaging, the mean values are
compared with the experimental measurements.

5. RESULTS

In this study, the number of segments on the
pe rimete r of the cylinder is selected 20 to 40
an d t he maximum allowable st r e ngt h o f
elements is limited to Gmax=0.25. The value of
t ime step , Dt , in the in it ia l t imes, i.e . tÀ3, is
assumed to be 0.03 while for the later times its
va lu e is cho se n 0.1 . Va lue o f Ds is a lso
calculated from Equation 20

(20)Ds = 0.037 p Re -ø

More details about Equation 20 is addressed to
reference [20]. Due to the adve rse pre ssure
gr ad ie n t be h in d t h e cylin de r an d a ft e r
separation point, the fluid separates, and a wake
flow re sult s wh ich gene rat e s two syme tr ic
eddies. The strength of these eddies depends on
the value of Reynolds number. At Re< 40, the
inertial effects are small and hence these eddies
are attached to cylinder and remain stable.
When the R eynolds numbe r of the flow

exceeds 40, the flow around the cylinde r is
divided into two parts:
(a) stable situation in the in it ial stage , during
which two main symmetr ic eddie s begin to
generate and grow. At th is stage, because of
the weakness and incomplete growth of eddies,
there is not enough inertia, velocities are small
and, hence, they remain at tached to cylinder
and keep their symmetry.
(b) unstable situation in the later times, tÂ3,
during which because of the growth of eddies,
velocity in recirculating zone increases. One of
two eddies, which is closer to cylinder, remains
unchanged while the other continues to grow.
As soon as this eddy detaches from the cylinder
and moves downstream, the other eddy which is
closer to cylinder begins to grow. Meanwhile, a
new eddy is born which fills the vacancy of the
former eddy and follows the same pattern. The
lat t e r e ddy con t inues t o grow, e ven tua lly
de t aches and move s downst ream, toge t he r
forming vortex street. This process induces a
higher velocity in the recirculating zone.

5-1 Structure of flow in Re = 3000
5-1-1 Stable State in the Initial Stage Th e
main poin t in the stable state is generation of
the primary symmetric eddies and formation of
a and b st ru ct u re s. As R eyno ld s numbe r
increases, 500> Re> 40 , primaryeddiesgrow,
velocity increases, and leads to a recirculating
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zone. A new (secondary) eddy begins to form
clo se to t he cylinde r wall, r o t at ing in the
opposite direction of the primary eddies. This
process is re sponsible for the format ion of a
st ructures a structure - Afte r tÂ1.5 and when

the primary eddy is stable in the upstream, as
R eynolds number increases, R e> 500 , the
previously mentioned secondary eddy grows and
generate s another symet ric eddy close to the
cylinder wall, and hence a region forms, which

(b)(a)

Figure 1. (a) a structure (b) b structure /

t*=1.0t*=0.5

t*=2.0t*=1.5

t*=3.0t*=2.5

Figure 2. Positions and velocities of vortex elements during t<3.0 at Re=3000.
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contains two symmetric eddies, shown in Figure
1a.
In Figure 2 the posit ion and velocity vector

of all vor tex elements during t imes 0.5-3 are

shown. I t is clea r t hat a secondary eddy is
pre sent in t= 1.5, and because of th e high
velocit ies in the recirculating zone , anothe r
secondary eddy in the symmetric position with

Figure 3. Streamlines for a structure during t<3.0 at Re=3000.
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respect to the first one is born.
In F igu re 3 t he st r eamline s beh ind the

cylinde r are shown in which the ment ioned
mechanism is better seen b structure - Before
tÀ1.5, preceding to a structure, the b structure
happens whose schematic structure is shown in
Figure 1b. At t= 0.5, a tiny recirculating region
close to the cylinder forms. Core of this region
which locate s in the most negat ive vort icity
zone, goes through a fast rotation. Around time
t=1 a new eddy forms which is going to become
a p r imary e ddy. A t t= 1.5, t h e p roce ss is
complete and a structure begins to form. In
F igures 2 and 3, formation of b st ructure is
clearly depicted.
In F igure 4 t he va r ia t ion o f t h e radia l

ve lo cit y o n t h e symme t r ic a xis o f t h e
recirculat ing zone in different times is shown
a n d comp a r e d wi t h t h e e xp e r ime n t a l
measurements in reference [2]. The comparison
shows the high accuracy of the results. It is clear
that the value of v/v0 at t=3 begins to oscillate,
indicating the formation of a passage for eddies,
which shows the same physics of flow.
The region with negative value of v/v0 is the

r e cir cu la t ing zone . As t ime goe s on , t h e
recirculating zone and the primary eddy grow,
and the induced negative velocity increases.
Also in Figure 5 time dependent -(umax)/v0

Figure 4. Radial velocity on the symmetric axis.

and d/2R, where "d" is the location of -umax, is
plotted. By the same reasoning above, it is clear
that the most negat ive velocity will happen
farther downstream. At time t< 1, the value of
-(umax)/v0 increases smoothly, but at 1< t< 2.5,
the rate of its change increases. Finally at t>2.5
the rate of change decreases. The re fore, an
ext remum point can be conside red at t= 1.7.
Also at t=3 the value of -(umax)/v0 is almost 1.4,
indicating strength of eddies in the recirculation
zone. Also, the value of "d" increases linearly in
a well organized manner. Both curves indicate
very good agreement with the expe r imental
measurements [2,8].
In Figure 6 time dependent length and width

of the main eddy center, "a,b", and length of the
recirculating zone, "l", are plotted. In this figure
displacement of the center of eddies are quite
clear. At t< 0.9 the value of "a" is negat ive ,
indica t ing t ha t t h e growth o f e ddy is no t
complete . As t ime increases, the value of "a"
also increases. Also the value of "b" decreases,
indicat ing a fundamental difference between
th is flow and the flow at the lower Reynolds
number.
In Figure 7 the separation angle versus time

is plotted. Results are compared with the This
leads to cyclic separat ion of eddies from the
cylinde r , sheding downst ream and forming

Figure 5. Location of umax versus time
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Figure 6. Length and width of eddies versus time.

Figure 7. Separation angle versus time.

experimental measurements [6].

5-1-2 Unstable State in the Later Times After
tÂ3 the geometry of flow becomes asymmetric.
the wake zone. In Figure 8 the time dependent
drag coe fficien t of the cylinde r with t ime is
p re se n t e d . U nde r t h e in flu e nce o f cyclic
movement of eddies, fluctuation of separation
angle and the gradient of velocity, the value of
the drag coefficient changes with time.
A ll me n t io n e d p a r ame t e r s a r e a lso

responsible for the fluctuation of lift coefficient.
In Figure 9 the variation of the lift coefficient
versus time is plotted.

Figure 8. Drag coefficient versus time.

Figure 9. Lift coefficient versus time.

In Figure 10 streamlines of the flow behind
the cylinder are plotted. It is clear that there is a
repeated situation between times t= 20.5 and
t= 25. The corresponding Strouhal number is
0.21-0.22 which falls within the range of the
experimental measurements.
In Figure 11 the location and velocities of the
vortex elements downstream of the cylinder in
the range of t=29 to t=35 are plotted.

5-2 Structure of flow in Re=9500

The structure of this flow is similar to that of
the flow at R e= 3000, except, at t> 2 the flow
becomes unstable and the wake zone begins.
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Figure 10. Streamlines of flow at later time, t=20.5 to t=25.
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Figure 11. Positions and velocities of vortex elements downstream versus time at Re=3000.

For t he in it ia l t imes, t< 3, the locat ion and
velocity of the vortex element are plot ted in
Figure 12. In Figure 13 the streamlines for the
same period of time are presented.
The a and b structure s and the asyme try of

the main eddies are better pronounced than the
flow with R e= 3000. The graphs showing the
geometrical properties of the flow are presented
in F igu re s 14, 15 and 16. E xp lanat ion and
interpretation of these figures are the same as

that at Re = 3000. All of the numerical results
show good agreements with the expe rimental
measurements. In F igure 15, because of the
higher value of Reynolds number, and increase
of instability, the accuracy of results decreases
slightly. This can be improved by decreasing the
value of time step and increasing the number of
computational elements.
In Figure 17 the variation of drag coefficient

with Reynolds number is presented which is also
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Figure 12. Positions and velocities of vortex elements during t<3.0 at Re=9500.

compared with the experimental measurements.
As it is not iced the accuracy of the re sult s is
remarkable.
For t h e unst able flow, va r ia t ion o f th e

coe fficien ts of lift and drag are presented in
Figures 18 and 19.
In Figure 20 the streamlines for time interval

20.5 - 25 are plotted.
At last , Figure 21 is presented in which the

locat ion and velocit ies of the vortex elements

for time interval of 30 - 45 are plotted.
Usually the results presented in Figures 11

and 21 can not be obtained by other researchers
using the experimental methods because, their
se tups are not capable of handling such long
t imes. In t he se figu re s th e mechan isms o f
formation, pairing, growth and the motion of
eddie s to downst re am of the flow fie ld are
c le a r ly se e n . A lt h o u gh e xt e n d in g t h e
compu t a t iona l doma in t o downst r e am is
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Figure 13. Streamlines for a structure during t<3.0 at Re=9500.
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Figure 14. Radial velocity on the symmetric axis.

Figure 15. Location of umax versus time.

Figure 16. Length and width of eddies versus time.

Figure 17. Variation of CD versus Re number.

Figure 18. Drag coefficient versus time.

Figure 19. Lift coefficient versus time.
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Figure 20. Streamlines for Re = 9500 at later times.
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Figure 21. Positions and velocities of vortex elements downstream versus time at Re = 9500.

possible, regarding the growth of the size of the
large scale st ructure s, the two-dimensional
mode l is n o t e n o u gh a ccu r a t e a n d t h e
three-dimensional models are needed.

6. CONCLUSION

The vortex element me thod has an extensive
application in the numerical simulat ion of the
turbulent flows, especiallymodeling the physics
of the flow in the recirculating zone behind the

cylinder for the initial and later t imes. Keeping
track of the vortex elements in a Lagrangian
reference, the formation, growth , convect ion
and diffusion of the elements can very well be
investigated.
The numerical results show that the variation

of geometrical and physical parameters of the
flow strongly depend on the Reynolds number
and resu lt s have good agreements with the
experimental measurements.
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As the instantaneous experimental results are
not available , the accuracy of these kinds of
numerical results can be validated qualitat ively.
The comparison of the averaged based values
such as separation angles, drag coefficient, lift
coe fficie n t , St rouha l number , ... wit h t h e
experimental measurements proves the accuracy
of the numerical results.
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