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A two dimensional incompressible flow past a rotating circular cylinder near a plane wall at Re = 200 is
investigated by using the lattice Boltzmann equation (LBE). The effects of the gap between the cylinder
and the wall, and tangential speed of the cylinder on the frequency of vortex shedding, and the lift and
drag forces on the cylinder are quantified together with the flow patterns. With a fixed tangential speed
of the cylinder, the flow behavior strongly depends on the normalized cylinder-wall gap i := H/D,
where H and D are gap height and cylinder diameter, respectively. The flow is steady and behaves
almost like a surface mounted object when 4 is small. With a moderate £, the flow is periodic and pairs
of vortices with alternating signs develop due to strong interaction between the rotating cylinder and the
wall. As & increases beyond certain value, the wall effect diminishes and the flow behaves almost as in
an unbounded domain. Our simulation also validates the LBE method as a tool for direct numerical
simulations for hydrodynamics. And we demonstrate that the LBE model with multiple-relaxation-time
(MRT) is superior than the popular lattice Bhatnagar—Gross—Krook model in terms of numerical
stability and in turn the efficiency.
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1. Introduction

The flow past a rotating circular cylinder is a problem of
both fundamental and applied interests. When the cylinder
rotates in a uniform flow, one half of the cylinder moves
along the stream whereas the other moves against. This
creates asymmetry in velocity and pressure fields around
the rotating cylinder, which in turn lead to asymmetry in
the boundary layer separation and a force on the cylinder
normal to the flow direction. This phenomenon, referred to
as the Magnus effect (Prandtl 1925, Chew et al. 1995), has
been applied in areas such as ship propulsion and
boundary control on airfoil. There exits an extensive
literature pertaining to flows around an isolated rotating
circular cylinder in a uniform stream, and the flow is now
reasonably well understood. However, such is not the case
when the cylinder is positioned close to a wall boundary.
In the presence of a wall in the flow, the shear effect makes
the velocity of approaching stream vary in the direction
normal to the cylinder, and the behavior of vortex
shedding behind the cylinder is affected. The flow past a
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rotating cylinder near a plane wall has applications to a
number of practical cases in which the flow approaching
the cylinder is not uniform but sheared. Examples of such
flows are the flow around exposed wheels, such as racing
car wheels or airplane landing gears during take-off or
landing. Of course, these flows in reality are highly three-
dimensional (3D) ones, with the vortex shedding patterns
very different from that of the two-dimensional (2D)
flows.

It is the intention of this work to investigate the effect of
the walls on the flow and the forces experienced by the
cylinder. Experiments have shown that the vortex
shedding phenomenon of a stationary cylinder near to
the wall can be dramatically altered at different gaps
between the cylinder and the plane wall (Taneda 1965,
Bearman and Zdravkovich 1978, Zdravkovich 1985,
Cheng et al. 1994, Sumer and Fredsoe 1997, Price et al.
2002). The vortex shedding and wade development behind
a rotating cylinder near a plane wall have a more
complicated stream structure than that of a stationary
cylinder, and the flow past a rotating cylinder with or
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without a wall have different fluid dynamic character-
istics. However, there is very little work on the wall effects
on the vortex shedding mechanism and wake patterns
behind a rotating cylinder near a wall. The study of vortex
shedding and wake development behind a rotating
cylinder near a wall can help to better understand, for
instance, the cause of vortex-induced vibration and its
control and suppression.

In this paper, the influence of a plane wall on flow past a
2D rotating circular cylinder in an uniform flow is
numerically studied. Specifically, we investigate the
effects of the gap H between the cylinder and the wall
and the ratio of the tangential velocity U,, to the inflow
velocity U, y:=U,/U, on the flow. The lattice
Boltzmann equation (LBE) with multiple-relaxation-time
(MRT) (d’Humiéres 1992) is used to perform the
numerical simulation. The present study will shed some
light on the effects of the normalized gap h = H/D and 7y
on the development of periodic vortex shedding
associated with the Karman vortex street and forces
acting on the cylinder. We hope that the results presented
in this paper will provide better understanding of the
effects of the wall on the vortex shedding mechanism and
the structure of wake flow of a rotating cylinder near a
wall.

2. Numerical method

The LBE is an alternative to conventional computational
fluid dynamics (CFD) methods for solving Navier—
Stokes equations (Yu er al. 2003). It is based on the
Boltzmann equation (or kinetic theory) for the single
particle velocity distribution function. Unlike traditional
numerical methods, which solve for the macroscopic
variables such as velocity and density, the LBE
obtains these variables as the moments of the distribution
function. As such, the LBE method has some
computational advantages because it is based on an
equation with a linear advection term—the Boltzmann
equation, as opposed to an equation with a nonlinear
advection term—the Navier—Stokes equation (van
Leer 2001).

2.1 Lattice Boltzmann equation

In what follows, we shall use the generalized lattice
Boltzmann equation (GLBE), or the LBE with MRT
collision model (d’Humieres 1992, Lallemand and Luo
2000, d’Humiéres et al. 2002, Lalemand and Luo 2003).
The evolution equation for the MRT—-LBE of Q velocities
on a D-dimensional lattice x; € EXZD with discrete time
t, € 6,Ng = 6,{0,1, ...} is,

f(x; +¢;6, 1, + 8) — £(x;,1,) = Q(x;, 1)
A (1
=-M".S.[m — m*“¥],

where M is a Q X Q matrix which linearly transforms the
distribution functions f € V=R? to the velocity
moments m € M = R?:

m=Mf, f=M "m, )
and S a non-negative Q X Q diagonal relaxation matrix
(Lallemand and Luo 2000). The bold-face symbols denote
column vectors as the following:

fx; +¢;6,1, +8) = (foXi, 1, + &), ..., fp(Xi + €8, 1,

+ &),
£(Xiy 1) = (Fo(Xis )y f1(Kis )y« oo fo(Xiy )T

T
m = (mo(X;, 1), mi(X;, 1), ..., mp(X;, 1)),

T
m® = (m5V(x;, 1,), M (x;, 1), -, mEV(x;, 1))

where T is the transpose operator.

For the sake of simplicity, we will restrict ourselves to
the nine-velocity model in 2D (D2Q9 model). The discrete
velocities {c;} are

(0,0), i=0,
o= (1,00, (0, £ e, i=1,234, (3
(=1, =1)c, i=5,6,7,8,

where ¢ = §,/8;. A particular order of moments used here
is:

m = (Pae787jx7vajyv%’vpxxvp)qv)Ta 4)

in which pis the mass density, and j, = pu, and j, = pu, are
x and y components of the flow momentum j, respectively,
which are the conserved moments in the system. Other
moments are non-conserved moments and their equilibria
are functions of the conserved moments in the system
(d’Humieres 1992, Lallemand and Luo 2000, d’Humiéres
et al. 2002, Lallemand and Luo 2003). With the above order
of moments, the corresponding diagonal relaxation matrix of
relaxation rates {s;} is

S= dlag (Sp,Se,SE,SX,SQ,SX,Sq,S,,,S,,). (5)

In the usual LBE simulations, because p, j. and j, are
conserved quantities, the relaxation rates s, and s, have no
effect on the system and therefore can assume any value.
However, if an external force is in presence, its effect is
influenced by the value of s,. The relaxation rates s, and s,
determine the shear and bulk viscosities, respectively. In the
presence of solid boundaries, s, affects the exact locations
where the no-slip boundary conditions are satisfied
(Ginzbourg and Adler 1994, Ginzbourg and d’Humiéres
1996, 2003, Pan et al. 2005). The transformation matrix M
can be uniquely constructed from the monomials of velocity
components ¢; ¢/ ... cfw, where o, B and y € {x,y}, by
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using the Gramd-Schmit orthogonalization procedure
(d’Humieres 1992, Lallemand and Luo 2000, d’Humiéres
et al. 2002). For the D2Q9 model, M can be found in
(Lallemand and Luo 2000).

To reduce effect of round-off error, we use the density
fluctuation 6p and assume the mean density p = 1. The
total density is, therefore, p = p + 8p. In addition, we use
j = pu to reduce effects due to compressibility (He and
Luo 1997). Thus the conserved quantities in an athermal
LBE model and the corresponding equilibria are:

8V =dp = fi

(6)
i =j = (o) = pu = Zf"c"'

For the athermal D2Q9 model in which the (internal)
energy is not a conserved quantity, the equilibria for non-
conserved moments are (Lallemand and Luo 2000):

e = “2ardp+3(2+7),
(7a)
e = 8p—3(72+12),

0= (¢4 ) = i = ~Gid),  (Tb)

(eq) — ;2 _
qu =Jx

i PSP = ey (7c)
With the above equilibria, the LBE system of equation (1)
leads to the incompressible Navier—Stokes equations in
the limit of small Mach number and large system size. If
we choose a; = 1 and set all the relaxation rates {s;} to a
single value of 1/7, i.e. s; = 1/7 Vi, then the MRT-LBE
reduces to the corresponding lattice Bhatnagar—Gross—
Krook (BGK) equation (Bhatnagar et al. 1954, Chen et al.
1992, Qian et al. 1992).

The speed of sound for the model c¢; and the shear
viscosity v and the bulk viscosity { are given by:

1 1/1 1
2:—2— == — _— =
¢ =32 m), v 3(.5‘,, 2>,

_012 1_1
=5 () ®

It is apparent that when a; =1 and s, = s, = 1/7, we
have (= v/2 for the lattice BGK (LBGK) model. We
should like to point out that this is one primary reason
responsible for the numerical instability of the LBGK
model, because for high Reynolds number flows v is very
small, and the bulk viscosity  is even smaller and thus
insufficient to dissipate spurious density fluctuations in the
system.

2.2 Boundary and initial conditions

The configuration for a 2D flow past a rotating circular
cylinder of radius a near a plane wall is shown in figure 1.
The computational domain is a rectangle of size
X, + X)X (Y, +a+H). We choose Y, =20a, X, =
20a and X; = 40a (Cheng et al. 2005). The cylinder
radius a is equal to 40 lattice spacings. With h = H/D
between 0 and 2.5, the system size varies between 2400 X
840 and 2400 X 1040.

The boundary conditions are: a uniform inflow from the
left, a free outflow at right, a free-slip at the top, and no-
slip at the bottom and around the cylinder. The inflow
boundary condition is given by

fi=1p=p,u=(U,0). )

A sufficiently large downstream domain is used to reduce
the influence due to the outflow boundary conditions. At
the outflow boundary, we use the equilibria with a fixed
density p and the velocity is extrapolated from upstream
(Chen et al. 1996).

The no-slip conditions in the LBE are realized with the
bounce-back boundary conditions in which all particles
colliding with a solid wall not reverse their momentum,
but also gain the momentum imposed by the wall:

C,"UW
C2

fi=fi—6wp ) (10)

where f; is the distribution function of the velocity
¢; := —c¢;, U, is the wall velocity at the point where
particle-wall collision takes place, and the coefficients
{w;} for the D2Q9 model are: wy =4/9, wiz34 =1/9
and wse 73 = 1/36. With a fine resolution of a = 40, we
can use the straight lattice lines to approximate the circular
cylinder (zig-zag approximation), and find that this is
indeed adequate for the present study.

1

,Uw/ c, |
U a
—
I
- (Xo:¥o)
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X
| Xu Xd
Figure 1. Schematic of flow configuration and coordinate.
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In this paper, a potential flow past a circular cylinder is
taken as the initial distribution of velocity:

[(xi — x0)* = (yi — y0)*la®

Up= |1 - :
0 [ — x0)> + (i — yo) 12

o vy
Vo= — (xi — x0)(yi — yo)a U a1

[ — x0)* + (i — y0)*1*

where xy and y, are the position of the cylinder center in
the physical space, and
f= f(eq)|l=0

ug=(Uy,

_ ( )t=0
Vo) M- m™ |Uo:(Uo,V0)' (12)

Because the LBE is only valid for near incompressible
flow, one usually maintains the Mach number Ma :=
U/cs < 0.3 in practice. We use U = 0.05 throughout the
simulations. Since ¢, = 1/+/3 is for the LBE model,
Ma = U/c, = 0.09.

The Reynolds number Re, lift (Cr) and drag (Cp)
coefficients are defined as

2aU FL FD

13)

where F. and Fp are the lift and drag forces exerted by the
fluid on the cylinder, respectively. The relaxation rates sg
and sy are determined by the viscosity v (or Re):
ss =59 =1/7=QBv+1/2) = (6aU/Re + 1/2). Other
relaxation rates are chosen as s, = 1.6, s3 = 1.2 and 55 =
s7 = 1.5 (Lallemand and Luo 2000).

2.3 Validation

The initial development of impulsively started flow around
an isolated rotating circular cylinder has been studied both
numerically and experimentally (Badr and Dennis 1985,
Chen et al. 1993, Chew et al. 1995, Cheng et al. 2001).
This flow is employed to validate the present method.
The flow past an isolated rotating circular cylinder at
v = 0.5 and Re = 200 is simulated using both the lattice
BGK (LBGK) model and the MRT-LBE model. The
streamlines around the cylinder at dimensionless times
t € [2, 12] comparing the results of the LBGK and MRT -
LBE models and that of Badr and Dennis (1985) are
shown in figure 2. It can be observed in this figure that the
streamline patterns generated by both the LBGK model
and the MRT-LBE model agree well with the existing
results generated by the conventional numerical method

Figure 2.  Comparison of the development of streamline patterns from the BGK (left), the MRT (center) models and the semi-analytical method (right)
for y= 0.5 at dimensionless times (a) r =2, (b) t=4,(c)t=7,(d) t=38, (¢) t = 10 and (f) t = 12.
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Figure 3. Comparison of time evolution of lift and drag coefficients
from different methods for Re = 200 and y = 0.5.

Badr and Dennis (1985). To further quantify the
comparison between the present and the existing results,
the time evolution of both the lift and drag coefficients is
shown in figure 3. The time evolution of the lift and drag
coefficients obtained by the different numerical methods
also agree well with each other good over the range of time
t € [0,25] investigated previously (Chen et al. 1993,
Cheng et al. 2001).

Although both the LBGK and MRT-LBE models yield
good results on integrated quantities such as Cp and Cp,
the instantaneous flow fields are difference. Figure 4
compares of vorticity contours from the LBGK and
MRT-LBE models. The vorticity field computed by the
LBGK model shows severe oscillation in the front of the
cylinder, in contrast to the much smoother vorticity field
obtained by using the MRT-LBE model. This clearly
demonstrates the superiority of the MRT-LBE model
over the popular LBGK model and this is the reason the
MRT-LBE model is used in the present work.

3. Results and discussion

We next investigate the wall effect on the flow
development behind a rotating circular cylinder at Re =
200 by varying the normalized gap h := H/D, where D =
2a is the cylinder diameter. The typical wake patterns
represented by the vorticity contours for y= 0.5 and
different gaps are shown in figure 5. These flow, exhibits
the following features. When h = 0.4 (figure 5(a)), the

negative vorticity shed from the upper side of the cylinder
and the plane wall engulfs and neutralizes the positive
vorticity shed from the lower side of the cylinder. There is
no vortex shedding in the wake and the flow appears to be
quasi-steady. This pattern does not change significantly
when h <0.4. The flow encounters a considerable
resistance in passing through the viscous gap and is
almost entirely reversed above the cylinder. As a
consequence, the cylinder plus gap system behaves almost
like a larger surface-mounted object. This phenomenon
has also been observed experimentally by Bearman and
Zdravkovich (1978), for flow past a stationary cylinder.
However, compared to the flow past a stationary cylinder,
the flow develops a larger recirculation zone behind the
cylinder on the wall and a jet emanating from the gap for
v > 0 due to the rotation of the cylinder. When 2 = 0.5,
the pattern of flow (figure 5(b)) is quite different from that
of h=0.4. A single vortex street appears in the wake
slightly further away from the cylinder. When /2 = 0.8, the
most striking feature about the flow develops: The
appearance of alternating vortices shed from the upper and
lower sides of the cylinder (figure 5(c)). As & increases to
1.0, the interaction between the wall and the vortex
shedding weakens. It can be observed from figure 5(d),
that vortices are shed alternatively, but the sizes of
vortices shed from the upper and lower sides of the
cylinder are still different. The former is fairly round
whereas the latter tends to be elongated in near wake, and
the vortex shed from the upper side of the cylinder moves
faster downstream than that shed from the lower side of
the cylinder. As the gap increases, the wall effect on the
vortex shedding decreases further. When 2 = 2.5, the flow
behind the cylinder is characterized by a Karman vortex
street of vortices in a regular alternating pattern, with a
nearly constant distance between consecutive vortices.
This suggest that when 7 = 2.5, the flow is almost free of
the wall effects.

In order to gain more insight into the evolution process of
vortex shedding in the near wake with different 4, the
vorticity contours at several time instants during one period
T, of vortex shedding are shown in figure 6 with 4 = 0.5
(left) and 1.0 (right). At some point in time, a vortex pair is
already in the near wake and move downstream at an angle,
as shown in figure 6(a) left, and this moment in time is

Figure 4. Comparison between instantaneous vorticity contours from the BGK (left) and MRT (right) models for y = 0.5 at (a) = 4 and (b) = 10.
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Figure 5. Instantaneous vorticity contours for y = 0.5 at different gaps. (a) # = 0.4, (b) h = 0.5, (c) h = 0.8, (d) h = 1.0, and (e) h = 2.5. Solid and
dash lines indicate the positive and negative vorticity, respectively.

Figure 6. Vorticity contours during one cycle of vortex shedding for y= 0.5, h = 0.5 (left) and 2 = 1.0 (right). (a) t =Ty, (b) t =Ty + Ty/5,
(©)t=Ty+2Ty/5 (d)t=Ty+3T,/5 and (e) t = Ty + 4T, /5.
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chosen as the initial starting time ¢ = T'y. A vortex group is
just being shed from the cylinder. They consist of a positive
vortex generated from lower side of the cylinder and two
negative vortices generated from upper side of the cylinder
and the plane wall, respectively. The wall-side wake
couples with the boundary layer vorticity of opposite sign
on the plane wall while the actual wake is dominated by the
vorticity shed from other side of the cylinder. The vortex
separating from the lower side of the cylinder is stretched
by the vorticity of opposite sign on the plane wall. Thus part
of the vortex remains attached to the cylinder to from a
quasi-steady attached wake while the farther part forms a
very weak positive vortex. This vortex is oblate in shape
and does not detach from the cylinder during time t =
To+T,/5tot=Ty+ 2T,/5, with the period T, = 9.6 in
this case, corresponding to figure 6(b),(c), left, respect-
ively. This is because, flow through the gap is suppressed so
that the vortex shed from the lower side of the cylinder
cannot be efficiently swept downstream by the free stream.
As time increases, the positive vortex interacts with the
forming vortex on the upper side of the cylinder (figure
6(c), left). Subsequently, they are swept together down-
stream att = Ty + 37T /5. The shapes of shedding vortices
are a round vortex pair followed by a slender negative
vortex (figure 6(d), left). The differences of the shedding
vortex pair in size and strength are more pronounced as they
travel downstream. It is observed from figure 6(e, left) that
the core of positive vortex is more elongated, but it is still
distinct in the near-wake. As the vortex travels down-
stream, it dissipates faster than these clockwise vortices,
and eventually disappears so that only clockwise vortices
remain and form a single vortex street in the wake slightly
further away from the cylinder as shown in figure 5(b, left).

Figure 6 (right) shows the vorticity contours at five
time instants during one cycle of vortex shedding at
h = 1.0. A negative vortex appears on the upper side of the
cylinder and a positive vortex begins to roll up on the
lower side of the cylinder at r = Ty, while a vortex group
is being formed by the vortices shed from cylinder and
the vortex induced from the plane wall. After
t=Ty+T,/5, the vortex formed on the plane wall first
interacts with the vortex shed from the lower side of the
cylinder (figure 6(b), right), right and then merges with
the vortex shed from the upper side of the cylinder
into a larger negative vortex (figure 6(c), right). At time
t=Ty+2T,/5 with T, = 9.2, the rolling up positive
vortex has assumed a rounded shape. During the period
of t=Ty+2T,/5—Ty+4T,/5, this vortex grows
markedly in size and induces a vortex of opposite sign
from the plane wall at time. It is clear that strength of the
positive vortex shed from the lower side of the cylinder at
h = 1.0 s stronger than that at 7 = 0.5. As time increases,
a vortex group containing three vortices of uneven
strength is formed and shed into the wake (figure 6(e),
right). Att = T + 4T /5, another positive vortex starts to
roll up on the lower side of the cylinder. The evolution
process repeats and one cycle of a vortex pair shedding
takes about 10 dimensionless time-units.

The vorticity contours for y= 1.0 with different h
are shown in figure 7. The dependence of the flow pattern
on h is found to be essentially the same as for y = 0.5.
That is, as the gap increases, the wake evolves from a
quasi-steady flow to a Karmam vortex street. Comparing
figure 7 with figure 5, however, one can find that the quasi-
steady wake flow maintains till # = 0.6 when y = 1.0, and
the recirculation zone formed behind the cylinder on the

Figure 7. Instantaneous vorticity contours for y = 1.0 with different 4. (a) 2 = 0.6, (b) h = 0.7, (¢) h = 0.8 and (d) 2 = 1.0.
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plane wall is larger than that of y = 0.5. When h = 0.7,
flow is highly unsteady, indicating that the higher the
value of v, the stronger the interaction between the wake
and wall.

It is interesting to note how the lift and drag coefficients,
C1, and Cp, vary with yy and A. The time histories of the lift
and drag coefficients for y = 0.5 are shown in figure 8.
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The time-histories of Cp and Cy, for y = 0.5 with different 4. (a) h = 0.4, (b) h = 0.5, (c) h = 1.0 and (d) h = 2.5.

When i = 0.4, the lift and drag coefficients are constant
because the flow is steady, as shown in figure 5(a). When
h = 0.5, the lift and drag coefficients exhibit a time-
dependent characteristic. This is due to the unstable
transition, which occurs in the near wake. As & increases
to 0.8, the variation of C; and Cp with time shows a
periodic fluctuation. The drag coefficient fluctuates with
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Figure 9. The time-histories of Cp and Cy, for y = 1.0 with different 4. (a) h = 0.6, (b) h = 0.7, (¢) h = 1.0 and (d) h = 2.5.
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the same frequency of the lift coefficient. When 7 = 1.0,
the lift coefficient shows a periodic fluctuation with a
constant amplitude except the initial stage of the flow. It is
clear that the periodic fluctuation is related to alternate
vortex shedding as shown in figure 5(d). Compared to the
case at h = 0.5, the amplitude of periodic fluctuation in
the lift and drag coefficients remarkably increases at
h=1.0. The drag coefficient has a second harmonic
component and one of the peaks of fluctuation is more
pronounced than the other because the two oppositely
signed vortices shed per cycle are different in strength.

When h = 2.5, similar to the case of &= 1.0, the
second harmonic component in the drag coefficient
becomes stronger, with one peak still weaker than the
other. Overall, fluctuation amplitudes of Cp and Cp grow
as h increases. The temporal behavior of the drag
coefficient at & = 2.5 is rather similar to that for the flow
past a rotating circular cylinder in an unbounded domain.

Figure 9 shows the time histories of the lift and drag
coefficients for y = 1.0. The curves of the lift and drag
coefficients are still constants at 2 = (.6, indicating that
the larger the v, the higher the 4 at which vortex shedding
is suppressed. When A = 0.7, the unstable transition
occurs in the near wake. As & increases, the fluctuation
magnitude of the lift and drag coefficients clearly
increases. This is similar to the case of y=0.5.

The variation of the mean values of the lift and drag
coefficients, C; and Cp, with different & is shown in figure
10. An interesting feature to note is that the non-
monotonic variation of the mean drag coefficient as a
function of & with fixed y. The mean draft coefficient Cp
increases with A at first. With y = 0.5(1.0), Cp reaches a
maximum of about 1.9 (1.4) at h = 0.4, then reduces to
a local minimum of about 1.4 (1.36) at h = 0.7(0.5),
then increases slightly before decreasing to a constant
value after 4 > 1.5. There is no such variation for the
case of y=0. The mean lift coefficient Cp behaves
differently. It decreases more rapidly with increase of &
when h < 0.5, and then gradually decreases an constant
value when h > 1.5.

Figure 10 also shows the variation of the root-mean-
square (rms) values of the lift and drag coefficients, Cy.
and Cp, as functions of / with different v. When £ is
small, both C;. and Cp, are close to zero because the flow is
quasi-steady. As & increases beyond a certain value, which
depends on vy, both Cp. and C‘D drastically increase, more
so for €1, to a maximum, and then remain nearly constant
as h further increases. Clearly, the gap size h has a far
stronger effect on the fluctuation of the lift, measured by
Cy, than that of the drag.

4. Conclusion

Based on the numerical investigation conducted for Re =
200 with different gaps (k) and tangential speed (7), the
following conclusions can be made. For very small gaps,
the gap flow is suppressed or extremely weak, and
separation of the boundary layer occurs both upstream and
downstream of the cylinder. There is no vortex shedding
in the wake. The wake flow is stable. The larger the v, the
higher the 4 at which vortex shedding is suppressed.

When gap is smaller, the interaction between the shear
layer on the plane wall and the growing positive vortex on
the lower side of the cylinder causes the vortex pair in the
near wake to move upward at an angle. The cores of
positive vortices are elongated, but they are still distinct in
the near-wake. As the positive vortices travel downstream,
they dissipate faster than the negative ones.

As the gap increases, the interaction between the
growing vortex and shear layer on the wall weakens.
When the gap is greater than a certain value, there is no
boundary layer separation on the wall, either upstream or
downstream of the cylinder. A regular vortex street
appears in the wake.

The present results suggest that the wall exerts a
stronger influence on the lift and drag forces of a rotating
cylinder than that of a stationary cylinder when the gap is
small. Compared to the drag, the gap effect on the lift
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force seems to be much larger, as observed in the present
work.

It should be emphasized that the present study only
considers a cylinder undergoing counter-clockwise
rotation in an uniform flow from left to right. The
phenomena would certainly be affected by the direction of
the cylinder rotation. There could be a number of
interesting wake flow features remained unexplored.
Therefore, further investigations in details of the wall
effect on the flow around a rotating circular cylinder is
needed for a different rotation direction and Reynolds
numbers.

The computational results not only reveal some basic
features of shedding vortex in the near wake, but also
demonstrate that the MRT model has better computational
stability and produces smoother variation of the vorticity
field.
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