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Flow past a center-pinned freely rotatable cylinder asymmetrically confined in a two-dimensional
channel is simulated with the lattice Boltzmann method for a range of Reynolds number
0.1 ≤ Re ≤ 200, eccentricity ratio 0/8 ≤ ε ≤ 7/8, and blockage ratio 0.1 ≤ β ≤ 0.5. It is found
that the inertia tends to facilitate the anomalous clockwise rotation of the cylinder. As the eccentricity
ratio increases, the cylinder rotates faster in the counterclockwise direction and then slows down at
a range of Re < 10. At a range of Re > 40, there exists an anomalous clockwise rotation for the
cylinder at a low eccentricity ratio and the domain where the cylinder rotates anomalously becomes
larger with the increase in the Reynolds number. In a channel with a higher blockage ratio, the rota-
tion of the cylinder is more sensitive to the change of cylinder lateral position, and the separatrix at
which the cylinder remains a state of rest moves upward generally. The cylinder is more likely to
rotate counterclockwise and the rotating velocity is larger. At a lower blockage ratio, the anomalous
clockwise rotation is more likely to occur, and the largest rotating velocity occurs when the blockage
ratio is equal to 0.3. The mechanism of distinct rotational behavior of the cylinder is attributed to the
transformation of distribution of shear stress which is resulted from the variation of pressure drop, the
shift of maximum or minimum pressure zones along the upper and lower semi-cylinder surface, and
the movement of stagnant point and separate point. Finally, the effects of the cylinder rotation on the
flow structure and hydrodynamic force exerted on the cylinder surface are analyzed as well. Published
by AIP Publishing. https://doi.org/10.1063/1.5021877

I. INTRODUCTION

Viscous flow past a cylinder is so ubiquitous both in
nature and in the engineering field that it has been researched
quite extensively and intensively. Among many branches of
this problem, fluid-structure interaction is rather complicated
to understand completely. The highly specialized subject of
fluid structure interaction is vortex-induced vibrations (VIV),
which has been comprehensively reviewed by Sarpkaya1 and
Williamson and Govardhan.2 Another interesting subject is
flow-induced rotation where autorotation, defined as a con-
tinuous rotation of a freely rotatable bluff in a parallel flow
without external sources of energy, is the major issue.3 The
present paper mainly addresses the anomalous autorotation
of the center-pinned cylinder eccentrically situated in a two-
dimensional channel. Interest in this flow arises not only from
its application to the fields of industrial engineering such as
the design of micropumps,4,5 but also from the point of view of
understanding the particle rotational and translational behavior
subjected to shear flow.6,7

In contrast to a lot of research studies on the VIV, flow-
induced rotation including autorotation has been relatively
rarely studied. Lugt3 first addressed this issue and elucidated

a)Author to whom correspondence should be addressed: mecjzlin@
public.zju.edu.cn. Fax: 0086-571-87952882.

clearly the definition and applications of autorotation. Lugt8

tried to understand the mechanism of autorotation through a
set of numerical simulations of a parallel flow over an elliptic
cylinder about a perpendicularly fixed axis and claimed that
the synchronization of vortex shedding and rate of rotation
are necessary conditions for autorotation. Asymmetrical pres-
sure distribution on the cylinder induced by vortex shedding
is a major motivation for the rotation of the unconfined cylin-
der. The square or rectangular cylinder was much preferred
in research on autorotation before, despite that the circular
cylinder plays a leading role in the flow past a bluff body.
This is because pressure would not generate moments about
the center of the circular cylinder for their identical intrinsic
isotropy. Skews9 studied the effect of complex geography on
the autorotation of the bluff body and found that the body of the
triangular section rotates fastest and demonstrated that the phe-
nomena of autorotation would occur only on the condition that
the body has less than eight sides. Mittal et al.10 numerically
studied the phenomenon of flutter (angular oscillations) and
tumble (autorotation) of a two-dimensional pinned flat plate
with rounded tips and indicated the strong dependence of the
transition from flutter to tumble on the thickness ratio and the
terminal velocity Reynolds number. The plate is more likely
to tumble with increasing Reynolds number and decreasing
thickness ratio. For a square cylinder free to rotate in a uni-
form flow, distinct rotation responses to the flow inertia have

1070-6631/2018/30(4)/043303/18/$30.00 30, 043303-1 Published by AIP Publishing.
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been characterized by Zaki et al.11 and four characteristic rota-
tional regimes have been named with respect to the Reynolds
number, namely, stable position, oscillation, reversible rota-
tion, and autorotation. Recently, Ryu and Iaccarino12 enriched
the rotation modes into six characteristic regimes through a
parametric investigation. Apart from the “rest stable position”
mode in a low Reynolds number regime and the “autorota-
tion” mode in a high Reynolds number regime, four other
modes have been mapped in moderate Reynolds regimes,
namely, “small-amplitude oscillation,” “π/2-limit oscillation,”
“random rotation,” and “π-limit oscillation.” The associated
moment generating mechanism has also been analyzed for the
six distinct Reynolds number regimes in their work. Wang
et al.13 investigated the effect of the distance between two
freely rotatable triangular tandem cylinders on the dynamic
behavior of the cylinders and vortical structure of the flow.
Apart from an unusual vortex shedding pattern, they also found
that the cylinders would show some irregular autorotation
behaviors which are related to the terminal velocity Reynolds
number, moment of inertia of the cylinders, and the cylinder
spacing ratio.

The research studies mentioned above involve the non-
circular cylinders. As for the rotation of the circular cylinder,
it has received more and more attention for its benefit for
flow control, drag reduction, vortex shedding suppression, and
vibration suppression and results in its diverse application
in the fields of aircraft, aeroballistics, biology, meteorology,
and sports.14,15 Generally, the cylinder can be subjected to a
forced-rotation or free-rotation, resulting in one-way or two-
way coupling, respectively. The forced-rotation is an active
flow control technique where an additional sustaining power is
required and has been extensively addressed. A center-pinned,
passive rotating cylinder is however with no need for extra
energy and thus has been studied recently. Juarez et al.16 con-
ducted the earliest detailed study on the flow over a freely
rotatable cylinder. They carried out a direct simulation for
a highly confined cylinder located at several eccentric posi-
tions based on high-order finite element methods, and the
results show that the cylinder rotates in an opposite direction
when its location moves from the vicinity of the wall to the
channel centerline. The rotating direction depends strongly
on the eccentricity and Reynolds number. They claimed that
the presence of an eddy or a wake bubble attached behind
an asymmetrically placed cylinder is contributed to the rota-
tion in the opposite direction. The clockwise rotation of the
cylinder placed far away from the wall in a high Reynolds
number flow totally violates the claim that the angular veloc-
ity of particles is one half of the externally imposed shear rate
by Einstein17,18 in a qualitative way. Similar anomalous rolling
behavior of a totally free moving circular cylinder sediment-
ing in a two-dimensional channel was observed and analyzed
much earlier. Goldman et al.19 first observed this anomalous
rotation of spheres by studying the rotational motions of a
sphere parallel to a plane wall bounding a semi-infinite, quies-
cent, viscous fluid. They found the sense of rotation of a sphere
near a vertical wall and sedimenting in quiescent Newtonian
fluid is the opposite of that in rolling at a wall without slipping.
Liu et al.20 and Singh and Joseph21 confirmed these anoma-
lous rolling phenomena in both Newtonian and viscoelastic

liquids through both experiments and direct numerical sim-
ulation. Hu22 further addressed this issue numerically and
performed a steady calculation for a uniform flow over a fixed
cylinder confined in two sliding channel walls with a velocity
of the approaching fluid to understand the mechanism for the
rotation of a sedimenting cylinder in more detail and reported
that the cylinder far away from the wall would experience
a negative torque which drives it to rotate abnormally for a
relatively large Reynolds number in a wide channel. For a
three-dimensional cylinder, Seddon and Mullin23 first studied
the behavior of a heavy cylinder freely moving inside a rotating
horizontal drum filled with a highly viscous fluid in the Stokes
regime. The cylinder is observed to either co-rotate or counter-
rotate depending on the rotating drum wall speed. They found
a reverse rotation with increasing wall speed, which is anoma-
lous. And by keeping increasing the wall speed further, the
cylinder would back-spin slowly to rest and change the direc-
tion to co-rotate with the wall once more. Nevertheless, the
co-rotation of the cylinder at high wall speed was not reported
by Sun et al.24 who extended this study experimentally in the
Reynolds number ranging from 2500 to 25 000. As for the
anomalous counter-rotation, they believed that it is due to
the movements of the stagnation and separation points.
Besides, they found a significant enhancement of the lift
for the counter-rotation cylinder, which is believed to be
caused by the vicinity of the wall. Apart from a single cylin-
der, a two-cylinder-flow system comes into researchers’ sight
recently. Tao and Bao25 compared two side-by-side arranged
rotatable cylinders with the stationary cylinder system via
a characteristic-based split finite element method and found
that the drag coefficient of the shear-driven rotating cylinders
can be significantly reduced by 30.5% which is mainly con-
tributed by a pressure drag for a gap ratio of 0.05 at Re = 100.
They explained the drag-reduction mechanism in terms of a
pressure-recovery effect introduced by shear-driven rotation
and claimed that the cylinders’ autorotation is attributed to
the strong asymmetric distribution of the mean viscous shear
stress on cylinders’ surface with only little evidence attached.
For the center-pinned confined cylinder, the region with abnor-
mal rotation is far from the wall while it is near the wall for
sedimenting particles or a freely moving cylinder. Lubrication
force, which plays a critical role in the latter case, is not impor-
tant in the present study. Nevertheless, the analysis of the shear
stress and movements of the stagnation and separation points
presented in these studies provide an improved insight into the
physics analysis of the anomalous rotation of the center-pinned
cylinder.

Based on the above description, we can see that there is
a lack of research on the effects of the flow inertia and eccen-
tricity on the shear-induced anomalous rotation of the center-
pinned freely rotatable cylinder asymmetrically confined in a
channel. Therefore, here we address such an issue that a vis-
cous flow past a freely rotatable cylinder with its center axis
pinned (center-pinned cylinder for short) in a two-dimensional
channel. The purpose of this paper is to explore the dependence
of center-pinned cylinder’s rotation on the Reynolds number
and eccentricity and elucidate the mechanism which the cir-
cular cylinders are induced to rotate, especially for the case of
anomalous rotation (clockwise rotation in the present setup).
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In addition, the effect of shear-induced rotation of the cylinder
on the flow structure and hydrodynamic force exerted on the
cylinder surface is discussed.

The remainder of this paper is organized as follows.
Section II is dedicated to describe the problem studied here
and corresponding mathematical formulation. In Sec. III, we
furnish the reader with a brief introduction of the numeri-
cal method and a validation of algorithm is also conducted
here. In Sec. IV, we present the numerical results along with
some related discussions. Finally, the conclusions are drawn
in Sec. V.

II. PROBLEM SETUP AND MATHEMATICAL
FORMULATION

As shown in Fig. 1, the incompressible fluid flows past
a center-pinned freely rotatable cylinder asymmetrically con-
fined in a two-dimensional channel with height H and length
L = 30D. The distances from the center of the cylinder to
the inlet and outlet are 10D and 20D, and such choices are
believed to be able to minimize the impact of inlet and outlet
boundary conditions on the interaction between the flow and
the cylinder. The upper and lower walls are placed at y = H/2
and y = �H/2, respectively. The fluid flows from the left with

a parabolic velocity profile ux = Um

[
1 − 4 y2

H2

]
to the right

and uy = 0. The eccentricity ratio ε(ε = 2y/(H � D)) is used
to characterize the lateral position of the cylinder, and ε = 0
and 1 means that the cylinder is located at the centerline and
at the position where the cylinder contacts the wall, respec-
tively. The blockage ratio β is defined as β = D/H as shown in
Fig. 1. In the present study, the eccentricity ratio ε ranges from
0 to 7/8 and blockage ratio β ranges from 0.1 to 0.5, respec-
tively. The density ratio of the cylinder to fluid is unity. The
cylinder is only free to rotate around its center axis [Point O
in Fig. 1(a)] with streamwise and lateral motion constrained.
We only consider the case where the center-pinned cylinder is
placed in the upper half of the channel for simplicity. So the

counterclockwise rotation [with respect to axis O, see
Fig. 1(b)] of the pinned cylinder is the “normal” rotation, while
the clockwise rotation [with respect to axis O, see Fig. 1(c)] is
the anomalous rotation, as stated before.

Let Ω and Γ denote the domain occupied by fluid and the
flowing boundary, respectively. The continuity and momentum
equations are

∇ · u∗ = 0 in Ω, (1)

∂u∗

∂t∗
+ u∗ · ∇u∗ = ∇σ∗ in Ω, (2)

where u∗ is the velocity, and the stress tensor σ∗ = �P∗ + τ∗

[P∗is the pressure, the extra stress tensor τ∗ = 2 µS, where µ
is the viscosity, S = (u∗ + ∇u∗T )/2].

Taking the cylinder diameter D and the centerline veloc-
ity at the channel inlet Um as the characteristic length and
characteristic velocity, respectively, and we have the following
dimensionless equations:

∇ · u = 0, (3)

∂u
∂t

+ u · ∇u = −∇P +
1

Re
∇2τ, (4)

where Reynolds number Re = UmD/ν (ν is the kinematic vis-
cosity of the fluid), u = u∗/Um, t = t∗Um/D, P = 2P∗/ρf Um

2,
and τ = 2τ∗/ρf Um

2, and ρf is the fluid density.
Based on the theorem of angular momentum, the equation

of the rotating cylinder is

J∗
dω∗

dt∗
= T ∗, (5)

where J∗ is the moment of inertia about the center axis of the
cylinder, ω∗ is the rotating velocity of the cylinder, and T ∗ is
the total torque exerted on cylinder by the fluid

T ∗ =
∫
Γp

(
σ∗n

)
× (r∗ − r0

∗)dΓp. (6)

FIG. 1. (a) Schematic of a center-pinned cylinder eccentrically in a two-dimensional channel; (b) schematic of “normal” rotation; (c) schematic of “anomalous”
rotation.
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The drag force and lift force are defined as

FL
∗ =

∫
Γp

(
σ∗n

)
· nydΓp, FD

∗ =
∫
Γp

(
σ∗n

)
· nxdΓp. (7)

Equation (5) can be non-dimensionalized

J
dω
dt
= CT , (8)

where J, ω, and CT are

J =
J∗

1
2
ρf (

D
2

)
2

(
D
2

)
2

, ω =
ω∗D
2Um

, CT =
T ∗

1
2
ρf U2

mD ·
D
2

.

(9)

CT is the torque coefficient. The drag, lift, and pressure
coefficients are defined as

CD =
FD
∗

1
2
ρf U2

mD
, CL =

FL
∗

1
2
ρf U2

mD
, Cp =

P − P∞
1
2
ρf U2

mD
.

(10)

III. NUMERICAL MODEL

There have been some numerical methods which were
adopted to simulate the flow past cylinders. In these meth-
ods, the curved boundary should be handled with some spe-
cific technologies such as finite element method, finite vol-
ume method, immersed boundary method, dissipation particle
dynamics, and smooth particle hydrodynamics. The lattice
Boltzmann method based on the particle interaction has been
proved to be an efficient direct numerical simulation method
in recent decades.26,27

FIG. 2. D2Q9 model.

A. Lattice Boltzmann method

The lattice Boltzmann equation is stated below with a
frequently used Bhatnagar-Gross-Krook collision model:

fα(x + eαδt, t + δt) − fα(x, t) = −
1
λ

[
fα(x, t) − f (eq)

α (x, t)
]
,

(11)

where f α(x, t) is the distribution function at position x and
time t in the discrete velocity direction eα. λ is the dimension-
less relaxation time, which is related to the fluid viscosity. It
ranges from 0.56 to 0.8 in the present work. f (eq)

α (x, t) is the
equilibrium distribution function (EDF). δx and δt are the lat-
tice grid spacing and time increment, respectively, and set as
δx = δt = 1. The two-dimensional nine-speed model (D2Q9),28

as shown in Fig. 2, is used, and the particle velocity set reads as

eα =




(0, 0) α = 0

c
(
cos [(α − 1)]

π

2
, sin [(α − 1)]

π

2

)
α = 1, 2, 3, 4

√
2c

(
cos [(2α − 1)]

π

4
, sin [(2α − 1)]

π

4

)
α = 5, 6, 7, 8

, (12)

where c is the particle velocity c = δx/δt. The EDF is in the
form

f (eq)
α (x, t) = ρwα

[
1 +

eα · u

c2
s

+
(eα · u)2

2c4
s
−

u · u

2c2
s

]
, (13)

where cs = c/
√

3 is the speed of sound in the lattice set and
the weight coefficients are

wα =




4
9

α = 0

1
9

α = 1, 3, 5, 7

1
36

α = 2, 4, 6, 8

. (14)

The local density and mass flux can be obtained by

ρ =

8∑
α=0

fα =
8∑
α=0

f (eq)
α ,

ρu =
8∑
α=0

eα fα =
8∑
α=0

eα f (eq)
α .

(15)

The Navier-Stokes equation can be recovered by the
Chapman-Enskog expansion with the kinematic viscosity
ν = (2λ − 1)c2δt/6 and the pressure satisfies the equation
of state as P = ρc2

s .
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B. Boundary conditions and force evaluation

Boundary treatment at the solid-fluid interface is essen-
tial for guaranteeing the accuracy of calculation because the
distribution functions streaming from solid nodes are missing.
Despite the fact that the progress of the implementation of
the boundary condition in terms of the distribution functions
has been made over the years, the bounce-back scheme which
was put forward in the early times is still the most popular
method for efficiency and simplicity. The second-order uni-
fied interpolation bounce-back scheme29 is adopted here as
shown in Fig. 3 for the no-penetration and no-slip condition
on the curved and moving boundary

fα
(
xf

)
= 1/(1 + ∆)

[
∆fα(xff ) + (1 − ∆)fᾱ(xf ) + fᾱ(xb)

+ 2ωα(eᾱ · uw)/c2
s

]
, (16)

where fᾱ is the distribution function streaming in the inverse
direction of f α, eᾱ = −eα, ∆ = 


xf − xw




/



xf − xb




 is the
fraction of an intersected link in the fluid region.

To implement the channel flow, we adopt such a boundary
condition as stated by Cheng and Luo.30 For the inflow bound-
ary, the parabolic velocity profile is set as stated in Sec. II.
The distribution function is given as fα = f (eq)

α (ρ0, u), where
ρ0 = 1 is the mean density. At the outlet boundary, we assume
that the flow is fully developed. The velocity at the outlet
boundary lattice is extrapolated from the upstream lattice. A
fixed pressure boundary is imposed here for the sake of numer-
ical stability. And the flow is initialized through the equilibria
of f (eq)

α (ρ0, u).
In order to study the fluid-solid interaction, it is quite

important to accurately predict the force and torque exerted
on the body by the fluid. There are generally three kinds
of schemes for the calculation of the force, i.e., stress inte-
gration, momentum exchange, and volume fraction model.
The scheme of momentum exchange is the most efficient one
with considerable accuracy. In the present study, we use a
novel Galilean-invariant momentum exchange method,31 as
shown in the following equations, which are proved to be both

FIG. 3. The bounce-back scheme. xb: solid node; xw: wall node; xf : fluid
node near xb (xf = xb + eα t); xff : fluid node (xff = xf + eα t).

FIG. 4. Comparison of drag coefficient CD versus Reynolds number Re for
different blockage ratios β.

succinct and effective:32,33

F =
∑
α

{
−

[
(eα − uw) fα

(
xf

)
− (eᾱ − uw) fᾱ(xf )

] }
, (17)

T =
∑
α

{−(xw − xo)

×
[
(eα − uw) fα

(
xf

)
− (eᾱ − uw) fᾱ(xf )

] }
. (18)

C. Algorithm validation

In order to demonstrate the validity and precision of the
model, we carry out several sets of trial calculations, in which
the lattice density is D/δx = 48 in most cases (δx is lattice
unit) considering the reliability and effectiveness of the calcu-
lation. First we perform the grid refinement to test the mesh
independence, and then we conduct the computation of the
flow past a static circular cylinder, which is a benchmark
problem in computational fluid dynamics. For comparison pur-
pose, we calculated the drag coefficient of a confined circular
cylinder immersed in a channel flow for different Reynolds
numbers and compared our results with the corresponding
ones given by Sahin and Owens34 as shown in Fig. 4. It is
observed that the two results are very consistent for different
confinement ratios. Furthermore, we calculated the drag coef-
ficient and Strouhal number of a rotating circular cylinder in an
unbounded flow to validate the effectiveness of the method in
dealing with the problem of moving boundary. The comparison
of the results is listed in Table I and it is seen that the present
results are in good agreement with those available in the
literature.35–40

IV. RESULTS AND DISCUSSION
A. Instantaneous rotating velocity of cylinder

Figure 5 shows the rotating velocity ω of the center-
pinned cylinder as a function of time T for different blockage
ratios and eccentricity ratios. It can be seen that most rotating
velocities converge to a certain value except the cases with
considerable inertia as shown in Figs. 5(a), 5(c), and 5(d). At
a high Reynolds number, there exists vortex shedding behind
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ay 2024 08:37:32



043303-6 Xia et al. Phys. Fluids 30, 043303 (2018)

TABLE I. Comparison of drag coefficient and Strouhal number (ω = 1).

Source CD Source CD St

Re = 5 Re = 20

Stojkovic et al.35 3.801 Badr et al.36 1.910
Badr et al.36 3.810 Panda and Chhabra37 1.841
Panda and Chhabra37 3.857 Paramane and Sharma38 1.837
Present work 3.839 Present work 1.907

Re = 40 Re = 100

Panda and Chhabra37 1.323 Stojkovic et al.35 1.108 0.1658
Paramane and Sharma38 1.315 Kang et al.39 1.104 0.1655
Present work 1.321 Shaafia et al.40 1.178 0.1670

Present work 1.159 0.1667

the cylinder, which would definitely lead to the change of the
forces exerted on the cylinder surface and affect the evolution
of the rotating velocity. The time that the rotating velocities
converge to a certain value would be delayed with an increase
in the Reynolds number. The flow is more stable when the
cylinder is located closer to the walls (at high eccentricity
ratio ε) because of the high confinement of no-slip boundary

condition and the fact that the fluid velocity between the
cylinder and wall is very small.

B. Effect of Reynolds number on the mean
rotating velocity

The mean rotating velocity ω̄ as a function of eccentricity
ratio ε for different Reynolds numbers is shown in Fig. 6(a).

FIG. 5. Instantaneous rotating velocity ω of the cylinder. (a) β = 0.3, ε = 1/8; (b) β = 0.3, ε = 7/8; (c) β = 0.2, ε = 1/8; (d) β = 0.2, ε = 7/8.
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FIG. 6. Mean rotating velocity ω̄ as a function of eccentricity ratio ε and Reynolds number Re at blockage ratio β = 0.3.

Inertia plays a critical role in making the cylinder rotate in
an abnormal way, which is analogous to the fact that a par-
ticle is driven to migrate laterally from the centerline in a
channel. Actually, the rotating velocity of a freely moving
particle would be altered in the case of large inertia.17 At
small Reynolds numbers, as shown in the figure, the cylin-
der rotates counterclockwise and the direction of rotation is
consistent with the general local fluid shear rate derived from
the flow field in the absence of the cylinder, which is quali-
tatively in accordance with the law given by Einstein.17 The
changes of mean rotating velocity ω̄ with eccentricity ratio
ε are nearly the same for Re = 0.1 and 1, i.e., the inertia has
scarcely any impact on the rotation of the cylinder in this range.
A similar phenomenon was also reported by Hu.22 The mean
rotating velocities get the same value for Re = 0.1, 1, 10, and
40 at ε = 7/8 although the process of their change is differ-
ent, which indicated that the effect of the Reynolds number
on the rotation of the cylinder is very small when the cylin-
der is located closer to the wall. When the Reynolds number
increases and exceeds a certain value, the mean rotating veloc-
ities ω̄ decrease quickly with the increase in the Reynolds
number Re as shown in Fig. 6(b), and finally changes from
counterclockwise to clockwise at Re = 40 for ε = 1/8-4/8,
Re = 80 for ε = 5/8, and Re = 130 for ε = 6/8, respectively.
The inertia tends to facilitate the clockwise rotation of the
cylinder. This abnormal phenomenon violates the law given
by Einstein.18

C. Effect of eccentricity ratio on the mean
rotating velocity

The eccentricity ratio, which characterizes the distance
from the cylinder to the wall, has a large impact on the rota-
tion of the cylinder. The mean rotating velocity ω̄ as a function
of Reynolds number Re for different eccentricity ratios ε is
shown in Fig. 6(b). The cylinder would hardly rotate if it is
placed at the centerline (ε = 0) because there are scarcely any
net moments acting on the cylinder due to the symmetry of
the flow field and cylinder geometry. Even if the Reynolds
numbers are very large, the cylinder only rotates back and

forth with the rotating velocity oscillating near zero. In the
vicinity of the wall (ε = 7/8), the cylinder always rotates in the
direction which is consistent with the general local fluid shear
rate derived from the flow field. This is attributable to the con-
finement of the wall and the weak fluid inertia in this region.
At Re < 1, the cylinder rotates counterclockwise with a con-
stant mean rotating velocity, which increases with a decrease
in the distance between the cylinder and the wall, except the
case in the vicinity of the wall (ε = 7/8 and 6/8). At Re = 10,
the varying tendency of mean rotating velocity with respect
to the eccentricity ratio is similar to that at Re < 1. Never-
theless, at Re > 40, the cylinder begins to rotate clockwise
in the region near the channel centerline. The mean rotating
velocities decrease at first and then increase after reaching
a trough, as the eccentricity ratio increases from ε = 0 to
ε = 7/8.

D. Effect of blockage ratio on the mean
rotating velocity

Figure 7 shows the comprehensive influence of wall con-
straint on the mean rotating velocity ω̄ of the cylinder. In
a higher blockage ratio channel, the rotation of the cylin-
der is more sensitive to the position of the cylinder because
the velocity profile is steeper and the variation of local shear
rate is larger. In a lower blockage ratio channel, the rotating
directions of the cylinder are invariably counterclockwise at
Re = 40 as shown in Fig. 7(a) or invariably clockwise at
Re = 100 as shown in Fig. 7(b) even if the cylinder is placed
closer to the wall. The counterclockwise rotating velocity ω̄
increases with an increase in the blockage ratio β. All maxi-
mum counterclockwise rotating velocity occurs in the vicinity
of the wall except the case for β = 0.5 at Re = 40 as shown
in Fig. 7(a). It is more complex for the abnormal rotation of
the cylinder. The maximum clockwise rotating velocity does
not occur in the case with the minimum blockage ratio even
though the cylinder is most likely to rotate clockwise in this
case, but it occurs in the case with an intermediate blockage
ratio of β = 0.3 at Re = 100 as shown in Fig. 7(b). It shows
that the critical point at which the abnormal rotation of the
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FIG. 7. Mean rotating velocity ω̄ as a function of eccentricity ratio ε for different blockage ratios β. (a) Re = 40 and (b) Re = 100.

cylinder occurs (from counterclockwise to clockwise) is at
an intermediate blockage ratio and intermediate eccentricity
ratio.

E. Phase space diagram for the rotational behavior
of the cylinder

In order to further understand the dependence of cylin-
der rotation on the inertia, eccentricity, and wall constraint, a
phase space diagram for the rotational behavior of the cylinder
is drawn in Fig. 8. There exists another separatrix at which the
torque-free center-pinned cylinder remains static, apart from
the centerline. As a result, the half channel can be divided into
two distinct regions. In the region between the separatrix and
the wall, the cylinder rotates counterclockwise, which is anal-
ogous to the case with a low Reynolds number. For the case
with a high blockage ratio, viscosity plays a dominant role
in this region. The cylinder rotates clockwise in the region
between the separatrix and the centerline, which is an abnor-
mal rotation. When the position of the cylinder is moved from
the centerline to the separatrix, the cylinder rotates faster in
a clockwise direction and then slows down after reaching a

FIG. 8. Phase diagram for the rotational behavior of the cylinder.

maximum. With increasing the Reynolds number, the maxi-
mum clockwise rotating velocity becomes larger and the posi-
tion where the rotating velocity reaches its maximum shifts
toward the wall.

The effects of Reynolds number, eccentricity ratio, and
blockage ratio can be delineated qualitatively from the criti-
cal separatrix line. Generally, the critical Reynolds number is
low when the cylinder is located near the channel centerline
and increases accordingly with an increase in the eccentricity
ratio. It should be noted that although the rotating velocity of
the cylinder would reach a trough at an intermediate eccen-
tricity ratio, there does not exist a trough for critical Reynolds
number in the range of eccentricity ratio (1/8 ≤ ε ≤ 7/8) for
both blockage ratios β = 0.2 and β = 0.3. The critical Reynolds
number remains unchanged with the eccentricity ratio ε vary-
ing from 1/8 to 4/8 at β = 0.2 and then increases gradually
as the eccentricity ratio ε further increases. For the cases with
a high blockage ratio, the critical Reynolds number is more
sensitive to the variation of eccentricity ratio due to the fact
that the velocity profile in this case is much steeper. And the
separatrix generally moves upward when the blockage effect
becomes more severe.

F. Mechanism of rotational behavior of cylinder

In order to elucidate the mechanism of the rotation of
the center-pinned cylinder, it is not suitable to take a rotating
cylinder as a research object because the torque exerted on
the cylinder by the fluid will change for a rotating cylinder.
Therefore, we perform a series of simulations with keeping
the cylinder at static and setting other parameters to be the
same as those for the rotating cylinder.

1. Distributions of shear stress

The distributions of shear stress τ̄s, which play a crucial
role in driving the cylinder to rotate, are shown in Figs. 9–11
through a physical decomposition method.41 The stress is aver-
aged over time since it would oscillate with time T especially
at a high Reynolds number. It is worth mentioning that the
competition between positive shear stress and negative shear
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FIG. 9. Normalized mean shear stress τ̄s exerted on the static cylinder at β = 0.3. (a) Re = 1; (b) Re = 40; (c) Re = 200.

FIG. 10. Normalized mean shear stress τ̄s exerted on the static cylinder at β = 0.3. (a) ε = 1/8; (b) ε = 4/8; (c) ε = 7/8.

stress determines the rotating behavior of the cylinder. Note
that the stress τ̄s as shown in Figs. 9–11 is normalized by its
maximum positive shear stress since only the relative values
are meaningful for interpreting the mechanism of rotational
behavior of the cylinder. From the figures, we can see that
the half surfaces of the cylinder near the centerline and the
wall are mainly subjected to the positive and negative shear
stress, respectively. The maximum values of the positive and
negative shear stress occur in the position with the azimuthal
angle θ ≈ π/2 and 3π/2, respectively, which is more obvious
at a low Reynolds number as shown in Fig. 10. Normally,
the positive shear stress drives the cylinder to rotate coun-
terclockwise, while the rotational behavior is dependent on
the Reynolds number Re, eccentricity ratio ε, and blockage
ratio β.

In Fig. 9, the positive shear stresses τ̄s exerted on the half
surfaces of the cylinder near the centerline (i.e., π < θ < 2π)
are nearly the same for different eccentricity ratios at a spe-
cific Reynolds number, while absolute values of negative shear
stresses τ̄s on the half surfaces of the cylinder near the wall
(i.e., 0 < θ < π) decrease with an increase in the eccentric-
ity ratio. In the vicinity of the centerline (ε = 1/8), the shear
stress has an anti-symmetry distribution, while in the vicinity
of the wall (ε = 7/8), the positive shear stress is much larger
than the negative shear stress, which makes the cylinder rotate
counterclockwise.

The effect of the Reynolds number Re on the shear stress
τ̄s is more clearly displayed in Fig. 10. The difference in the
values between the positive and negative shear stress decreases
with the increase of the Reynolds number, which indicates that

FIG. 11. Normalized mean shear stress τ̄s exerted on the static cylinder at ε = 4/8. (a) Re = 1; (b) Re = 40; (c) Re = 200.
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the inertia tends to reduce the difference of shear stress exerted
on the upper and lower semi-cylinder surface. Therefore, the
rotating velocity ω̄ of the cylinder decreases as the Reynolds
number Re increases as shown in Fig. 6(b). In the figure, the
positive shear stress is larger than the negative shear stress
even at a high Reynolds number. However, it is well worth
noticing that, at a high Reynolds number, the surface area sub-
jected to the negative shear stress is larger than that subjected
to the positive shear stress because the shift of the recircula-
tion zone breaks the symmetry of the flow. Both the front and
rear stagnant points shift azimuthally to the channel center-
line, resulting in the enlargement and reduction of the surface
area subjected to the negative and positive shear stress, respec-
tively. So the torque exerted on the cylinder produced by the
negative shear stress would exceed that by the positive shear
stress. The competition between the above two factors makes
the occurrence of anomalous rotation of the cylinder at a high
Reynolds number.

The blockage ratio β has a smaller effect on the shear
stress τ̄s especially at a low Reynolds number as shown in
Fig. 11. At Re = 1, the shear stresses τ̄s are nearly the same
for different blockage ratios β. At Re = 200, the negative
shear stress slightly decreases with an increase in the block-
age ratio, which makes the cylinder rotate counterclockwise
faster.

2. Distributions of maximum shear stress

The dependence of maximum positive shear stress
|τ̄s+ |MAX and negative shear stress |τ̄s− |MAX on the Reynolds
number Re, eccentricity ratio ε, and blockage ratio β is
shown in Fig. 12. ∆|τ̄s+ |MAX(%) and ∆|τ̄s− |MAX(%) are
the relative value of the maximum positive and nega-
tive shear stress to that at the centerline, respectively.
The increase in |τ̄s+ |MAX and |τ̄s− |MAX would facilitate
the cylinder to rotate counterclockwise and clockwise,
respectively.

FIG. 12. Maximum values of shear stress on the static cylinder. (a) Maximum positive shear stress (β = 0.3). |τ̄s+ |MAX: maximum positive shear stress;
∆ |τ̄s+ |MAX(%): relative value of maximum positive shear stress to that at the centerline; |τ̄s+ |MAX: black filled squares, red filled triangles, blue filled circles,
and pink filled down-pointing triangles; ∆ |τ̄s+ |MAX(%): black squares, red triangles, blue circles, and pink down-pointing triangles. (b) Maximum negative shear
stress (β = 0.3). |τ̄s− |MAX: maximum negative shear stress; ∆ |τ̄s− |MAX(%): relative value of maximum negative shear stress to that at the centerline; |τ̄s− |MAX:
black filled squares, red filled triangles, blue filled circles, and pink filled down-pointing triangles; ∆ |τ̄s− |MAX(%): black squares, red triangles, blue circles, and
pink down-pointing triangles. (c) ε = 4/8. [(+): Positive shear stress; (�): Negative shear stress].
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As shown in Fig. 12(a), |τ̄s+ |MAX decreases slightly with
an increase in the eccentricity ratio ε for different Reynolds
numbers Re, but reduces significantly with an increase in the
Reynolds number Re for different eccentricity ratios ε. The
variation of∆|τ̄s+ |MAX(%) is more complicated. At 0< ε < 2/8,
∆|τ̄s+ |MAX(%) declines with increasing the Reynolds number,
while it first slightly increases and then remains unchanged
or slightly decreased with an increase in the eccentricity
ratio. At ε > 2/8, ∆|τ̄s+ |MAX(%) decreases with increasing the
eccentricity ratio, but it does not change monotonously with
the Reynolds number, which indicates that ∆|τ̄s+ |MAX(%) is
dependent on the comprehensive effect of the wall constraint
and fluid inertia.

As shown in Fig. 12(b), the decrease in |τ̄s− |MAX with an
increase in the eccentricity ratio is more obvious than that of
|τ̄s+ |MAX for different Reynolds numbers. The main difference
between ∆|τ̄s− |MAX(%) and ∆|τ̄s+ |MAX(%) is that the former
decreases monotonously with increasing the eccentricity ratio
and decreasing the Reynolds number.

As shown in Fig. 12(c), the maximum positive shear
stress |τ̄s+ |MAX is always larger than the maximum nega-
tive shear stress |τ̄s− |MAX for a definite blockage ratio β. As
a result, the cylinder rotates counterclockwise. Both maxi-
mum positive and negative shear stresses decrease with reduc-
ing the blockage ratio and increasing the Reynolds number,
which is consistent with the well-known rule of the rela-
tionship between drag, pressure coefficient, and Reynolds
number.

3. Distributions of mean pressure coefficient

The rotation of the center-pinned cylinder is mainly
attributed to the shear stress exerted on the cylinder surface,
while the distribution of the shear stress distribution is highly
related to the pressure field. To make a further understanding
of the rotational behavior, the pressure distributions and con-
tours on the cylinder surface are shown in Figs. 13–15 in polar
coordinate form and Fig. 16, respectively.

When the cylinder is eccentrically situated at a
low Reynolds number, the minimum pressure zones shift
clockwise and are not directly behind the cylinder as shown
in Figs. 13(a) and 16(a), which makes the positive shear
stress play a dominant role in driving the cylinder to rotate

counterclockwise. The pressure drop decreases sharply as the
Reynolds number increases as shown in Figs. 13 and 16, which
results in the decrease in the shear stress.

As shown in Fig. 13, as the Reynolds number increases,
the single minimum pressure zone behind the cylinder breaks
into two pieces. In addition, both minimum pressure zones
together with the maximum pressure zone shift azimuthally
along the cylinder surface. The maximum pressure zone shifts
counterclockwise with a small angle. The two minimum pres-
sure zones shift windward along both upper and lower semi-
cylinders, and the moving of the minimum pressure zone on
the upper semi-cylinder lags slightly behind the one on the
lower semi-cylinder. Such an asymmetric distribution of the
minimum pressure zone, accompanied by the leeward mov-
ing of the maximum pressure zone, produces a difference in
the surface areas subjected to the negative and positive shear
stress. As the Reynolds number increases further, the two min-
imum pressure zones are more symmetrical and their values
are close to be the same level. Therefore, the difference in the
values between the positive and negative shear stress decreases
as the Reynolds number increases.

The distribution of mean pressure coefficient C̄p on the
cylinder surface at different eccentricity ratios ε is shown in
Fig. 14. The maximum pressure decreases with the increase in
the eccentricity ratio. Comparing Fig. 16(c) with Fig. 16(d), as
the eccentricity ratio ε increases, the minimum pressure zone
on the upper semi-cylinder becomes smaller and finally disap-
pears, while that on the lower semi-cylinder becomes larger.
Consequently, the pressure drop along the lower semi-cylinder
is much larger than that along the upper semi-cylinder at higher
eccentricity ratio β, which makes the positive shear stress play
a dominant role in this region. Meanwhile, the maximum pres-
sure zone shifts counterclockwise and the minimum pressure
zone on the upper semi-cylinder shifts leeward, leading to a
variation of cylinder surface areas subjected to the positive
and negative shear stress. The rotational behavior of the cylin-
der is dependent on the competition of both factors mentioned
above.

Figures 15, 16(e), and 16(f) show the distribution of mean
pressure coefficient at different blockage ratios β. The pressure
difference becomes larger with the increase of the blockage
ratio. There is no apparent shift of maximum and minimum
pressure zones. In a conclusion, the rotational behavior of the

FIG. 13. Distribution of mean pressure coefficient C̄p on the cylinder surface at ε = 4/8 and β = 0.3. (a) Re = 1; (b) Re = 40; (c) Re = 200.
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FIG. 14. Distribution of mean pressure coefficient C̄p on the cylinder surface at Re = 100 and β = 0.3. (a) ε = 1/8; (b) ε = 4/8; (c) ε = 7/8.

FIG. 15. Distribution of mean pressure coefficient C̄p on the cylinder surface at Re = 40 and ε = 4/8. (a) β = 0.2; (b) β = 0.3; (c) β = 0.4.

cylinder is dependent on the distribution of shear stress exerted
on the cylinder, while shear stress is affected by the factors
including the pressure difference on the cylinder surface, the
shift of maximum and minimum pressure zones, and the shift
of stagnant points and separate points. Certainly, these factors
are highly related to the Reynolds number Re, eccentricity
ratio ε, and blockage ratio β.

G. Effect of cylinder rotation on the flow field
and hydrodynamic force

The rotation of the cylinder induced by the flow would
affect the adjacent flow field in return. When cylinder rotates,
a lubrication layer which is close to the cylinder surface will
be produced because of the no-slip boundary condition.

1. Distribution of streamline

Figure 17 shows the streamline of the flow past a rotat-
ing cylinder and a static cylinder. A stagnant point appears
at the position with azimuthal angle θ ≈ π/2 as shown in
Fig. 17(a), which is different from the flow past a static cylin-
der as shown in Fig. 17(b). Comparing Figs. 17(a) and 17(b)
with Figs. 17(e) and 17(f), as the Reynolds number increases,
an obvious vortex appears behind the rotating cylinder, but
no such vortex can be seen behind the static cylinder. As
the Reynolds number continues to increase, a pair of large
vortices appears behind the rotating cylinder as shown in

Fig. 17(g) and the same thing also happens in the case of
static cylinder. The above facts indicate that the flow pattern
is obviously different for the flow past a rotating cylinder and
past a static cylinder when the Reynolds number is low, and
such difference disappears with the increase of the Reynolds
number.

At the same Reynolds number Re, the eccentricity ratio
ε has an essential effect on the flow pattern for the flow past
a rotating cylinder as shown in Figs. 17(a) and 17(c), i.e., the
stagnant point disappears as the position of the cylinder is
close to the centerline. However there is no obvious effect of
eccentricity ratio on the flow pattern for the flow past a static
cylinder as shown in Figs. 17(b) and 17(d).

2. Distribution of vorticity field

The vorticity fields of the flow past a rotating cylinder and
a static cylinder at different Reynolds numbers are shown in
Fig. 18. The distributions of vorticity undergo changes with
the increase of the Reynolds number at a specific eccentricity
ratio, and they are almost the same for the flow past a rotating
cylinder and past a static cylinder.

3. Distribution of mean pressure distribution

The mean pressure distribution C̄p on the cylinder sur-
face is shown in Fig. 19. When fluid flows past a cylinder at
ε = 4/8, the difference in the mean pressure distribution
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FIG. 16. Pressure contour near the cylinder. (a) Re = 1, ε = 4/8, β = 0.3; (b) Re = 40, ε = 4/8, β = 0.3; (c) Re = 40, ε = 1/8, β = 0.3; (d) Re = 40, ε = 7/8,
β = 0.3; (e) Re = 40, ε = 4/8, β = 0.2; (f) Re = 40, ε = 4/8, β = 0.4.

between the rotating cylinder and static cylinder is nearly
the same at Re = 40 as shown in Fig. 19(a), while the
mean pressures on the upper and lower semi-cylinder become
smaller and larger, respectively, at Re = 200 as shown in
Fig. 19(c), leading to a smaller pressure difference between
the two sides of the cylinder than that in the case of the
static cylinder. When the cylinder is located in the vicinity
of the wall (ε = 7/8) as shown in Figs. 19(b) and 19(d), a
larger pressure difference between the two sides of the cylin-
der than that at ε = 4/8 appears at low and high Reynolds
numbers, and the difference in the mean pressure distribu-
tion between the rotating cylinder and static cylinder is more
obvious.

4. Drag coefficient

The rotation of the cylinder induced by the flow would
affect the hydrodynamic force exerted on the cylinder. Tao and
Bao25 reported a significant drag reduction for the flow past
two side-by-side arranged cylinders rotating about their axes.
In the present study, we find that the variation of drag coeffi-
cient is more complicated. The comparison of drag coefficient
CD between rotating cylinder and static cylinder for different
Reynolds numbers Re and eccentricity ratios ε at β = 0.3 is
listed in Table II, where ∆CD = (CDR � CDS)/CDS , and CDR

and CDS are the drag coefficient for the rotating cylinder and
static cylinder, respectively. It can be seen that, in general, the
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FIG. 17. Comparison of streamline of flow past a rotating cylinder and a static cylinder (β = 0.3). (a) Rotating cylinder (Re = 1, ε = 5/8); (b) static cylinder (Re
= 1, ε = 5/8); (c) rotating cylinder (Re = 1, ε = 2/8); (d) static cylinder (Re = 1, ε = 2/8); (e) rotating cylinder (Re = 40, ε = 5/8); (f) static cylinder (Re = 40,
ε = 5/8); (g) rotating cylinder (Re = 200, ε = 5/8); (h) static cylinder (Re = 200, ε = 5/8).

relative difference ∆CD of drag coefficient between the rotat-
ing cylinder and static cylinder is small, and the maximum
relative difference is 13%.

Figure 20 shows the relationship between ∆CD and
Reynolds number Re as well as eccentricity ratio ε. It can be
seen that, at a low Reynolds number, the drag coefficient for
the rotating cylinder is always smaller than that for the static
cylinder at any eccentricity ratio, which is in accordance with
the previous result.25 However, when the Reynolds number is
larger than 40, the drag coefficient for the rotating cylinder
is larger than that for the static cylinder at a low eccentricity

ratio. As the eccentricity ratio increases and exceeds a critical
value, the drag coefficient for the rotating cylinder begins to
decrease and finally is smaller than that for the static cylinder.
Such a critical value of the eccentricity ratio is dependent on the
Reynolds number. Comparing with the relationship between
the mean rotating velocity ω̄ and eccentricity ratio ε for
different Reynolds numbers as shown in Fig. 6(a), we can
find an interesting phenomenon that the change of the dif-
ference in drag coefficient CD between the rotating cylinder
and static cylinder is qualitatively similar to that of the mean
rotating velocity ω̄. When the cylinder rotates clockwise and
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FIG. 18. Comparison of vorticity field of flow past a rotating cylinder and a static cylinder (β = 0.3). (a) Re = 1, ε = 5/8 and (b) Re = 200, ε = 5/8. [(a1) and
(b1)] Rotating cylinder and [(a2) and (b2)] static cylinder.

FIG. 19. Comparison of mean pressure coefficient distribution on the surface of cylinder (β = 0.3). (a) Re = 40, ε = 4/8; (b) Re = 40, ε = 7/8; (c) Re = 200, ε = 4/8;
(d) Re = 200, ε = 7/8.
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TABLE II. Comparison of drag coefficient between rotating cylinder and static cylinder at β = 0.3.

ε = 0/8 ε = 1/8 ε = 2/8 ε = 3/8 ε = 4/8 ε = 5/8 ε = 6/8 ε = 7/8

Re = 0.1
Rotating cylinder 557.7 544.1 506.9 454.6 396.4 339.4 287.9 244.4
Static cylinder 557.7 545.6 512 463.9 409.1 353.9 302.3 256.3
∆CD (%) 0.00 �0.27 �1.00 �2.00 �3.10 �4.10 �4.76 �4.64

Re = 1
Rotating cylinder 55.84 54.5 50.81 45.6 39.79 34.1 28.94 24.57
Static cylinder 55.84 54.64 51.32 46.55 41.08 35.57 30.4 25.78
∆CD (%) 0.00 �0.26 �0.99 �2.04 �3.14 �4.13 �4.80 �4.69

Re = 10
Rotating cylinder 6.143 6.086 5.889 5.511 4.957 4.309 3.667 3.11
Static cylinder 6.143 6.096 5.935 5.623 5.152 4.567 3.945 3.35
∆CD (%) 0.00 �0.16 �0.78 �1.99 �3.78 �5.65 �7.05 �7.16

Re = 40
Rotating cylinder 2.368 2.358 2.329 2.285 2.211 2.029 1.694 1.36
Static cylinder 2.368 2.358 2.328 2.282 2.215 2.083 1.842 1.547
∆CD (%) 0.00 0.00 0.04 0.13 �0.18 �2.59 �8.03 �12.1

Re = 100
Rotating cylinder 1.579 1.571 1.542 1.502 1.452 1.396 1.284 0.967
Static cylinder 1.579 1.571 1.54 1.495 1.441 1.383 1.305 1.112
∆CD (%) 0.00 0.00 0.13 0.47 0.76 0.94 �1.61 �13.0

Re = 200
Rotating cylinder 1.370 1.358 1.319 1.265 1.199 1.113 1.049 0.86
Static cylinder 1.371 1.358 1.317 1.258 1.185 1.098 1.035 0.942
∆CD (%) 0.07 0.00 0.15 0.56 1.18 1.37 1.35 �8.70

counterclockwise, the drag coefficient for the rotating cylinder
is larger and smaller than that for the static cylinder, respec-
tively, which indicates that counterclockwise rotation of the
cylinder has a drag reduction effect compared with the static
cylinder.

5. Lift coefficient

Figure 21 shows the comparison of lift coefficient CL

between the rotating cylinder and static cylinder at β = 0.3.
As shown in Fig. 21(a), the values of lift coefficient CL are
nearly the same for the rotating cylinder when Re = 0.1
and 1 and the situation is the same for the static cylinder.
This indicates that the change of the Reynolds number has

FIG. 20. Relative difference of drag coefficient between rotating cylinder and
static cylinder (β = 0.3).

no effect on the lift coefficient at very low Reynolds num-
ber. At Re < 10, the absolute value of lift coefficient for the
rotating cylinder is larger than that for the static cylinder, and
both lift coefficients are always negative. All absolute values
of lift coefficient increase and then decrease with an increase
in the eccentricity ratio, indicating that there exists a position
between the centerline and the wall (i.e., ε = 4/8), at which
the lift force exerted on the cylinder by the fluid is the largest.
As shown in Fig. 21(b), the values of lift coefficient are nearly
the same for the rotating cylinder and the static cylinder for
ε < 4/8 and Re = 40 and the absolute value of lift coefficient
for the rotating cylinder is larger than that for the static cylin-
der for ε > 4/8. For Re = 100 and 200, the absolute values
of lift coefficients for the rotating cylinder are always larger
than that for the static cylinder. Comparing with Fig. 21(a), we
can see that the relative difference of lift coefficient between
the rotating cylinder and static cylinder is highly related to the
mean rotating velocity ω̄.

6. Relationship between drag coefficient
and lift coefficient

When the cylinder rotates counterclockwise and clock-
wise, the lift coefficients are reduced and increased compared
with the static cylinder, which is mainly attributed to the Mag-
nus effect generated by the rotation of the cylinder. Figure 22
shows the phase space of drag coefficient CD and lift coef-
ficient CL at Re = 200 and β = 0.3. As the eccentricity ratio
increases, the dumbbell shape of CD �CL phase space becomes
untwisted because the alternate vortex shedding is suppressed
and only a single row of vortex sheds behind the cylinder as
the position, at which the cylinder is located, moves toward
the wall.
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FIG. 21. Comparison of lift coefficient CL between the rotating cylinder and static cylinder (β = 0.3). (a) 0.1 ≤ Re ≤ 10 and (b) 40 ≤ Re ≤ 200.

FIG. 22. Phase space of drag coefficient CD and lift coefficient CL at
Re = 200 and β = 0.3.

V. CONCLUSIONS

Flow past a center-pinned freely rotatable cylinder asym-
metrically confined in a two dimensional channel is simulated
with the lattice Boltzmann method. The effect of Reynolds
number Re, eccentricity ratio ε, and blockage ratio β on the
rotating velocity ω̄ is discussed, and the mechanism of rota-
tional behavior is also analyzed. The following conclusions
can be drawn.

Fluid inertia plays a critical role in making the cylinder
rotate in an abnormal way. At a low Reynolds number, the
cylinder rotates counterclockwise and the changes of mean
rotating velocity with eccentricity ratio are nearly the same.
When the Reynolds number increases and exceeds a certain
value, the mean rotating velocities decrease quickly and finally
change from normally counterclockwise to abnormally clock-
wise. At Re < 10, the mean rotating velocity increases with an
increase in the eccentricity ratio, except the case in the vicinity
of the wall. At Re > 40, in the region between the separatrix
and the centerline, the cylinder rotates faster in a clockwise
direction and then slows down after reaching a maximum with
an increase in the eccentricity ratio. In the region between the
separatrix and the wall, the cylinder rotates counterclockwise
and the rotating velocity becomes larger with increasing the
eccentricity ratio. With an increase in the Reynolds number,

the maximum clockwise rotating velocity becomes larger and
the position where the rotating velocity reaches its maximum
shifts toward the wall. The counterclockwise rotating velocity
increases with an increase in the blockage ratio. The maximum
clockwise rotating velocity does not occur in the case with the
minimum blockage ratio but in the case with an intermediate
blockage ratio of 0.3. Generally, the critical Reynolds number
is low when the cylinder is located near the channel centerline
and increases accordingly with an increase in the eccentric-
ity ratio. The separatrix generally moves upward when the
blockage effect becomes more severe.

The competition between the positive shear stress and neg-
ative shear stress determines the rotating behavior of the cylin-
der. In the vicinity of the wall, the positive shear stress is much
larger than the negative shear stress, which makes the cylinder
rotate counterclockwise. In the region near the centerline, the
positive shear stress does not play a dominant role though it
is still slightly larger than the negative shear stress. The sur-
face area subjected to the negative shear stress is larger than
that subjected to the positive shear stress at a high Reynolds
number, so the torque exerted on the cylinder produced by
the negative shear stress would exceed that by the positive
shear stress. The completion between the above two factors
makes the occurrence of anomalous rotation of the cylinder
at a high Reynolds number. The shear stress increases with
increasing the blockage ratio at a high Reynolds number, which
makes the cylinder rotate counterclockwise faster. The maxi-
mum positive shear stress decreases slightly with an increase
in the eccentricity ratio for different Reynolds numbers, but it
reduces significantly with an increase in the Reynolds num-
ber for different eccentricity ratios, which contributes to the
fact that the counterclockwise or clockwise rotating velocity
reaches its maximum at an intermediate eccentricity ratio. As
the Reynolds number increases, the single minimum pressure
zone behind the cylinder breaks into two pieces, and the mov-
ing of the minimum pressure zone on the upper semi-cylinder
lags slightly behind the one on the lower semi-cylinder. It cre-
ates a difference in the surface areas subjected to the negative
and positive shear stress. As the Reynolds number increases
further, the two minimum pressure zones are more symmet-
rical and their values are close to the same level. Therefore,
the difference in the values between the positive and negative
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shear stress decreases as the Reynolds number increases. As
the eccentricity ratio increases, the minimum pressure zone
on the upper semi-cylinder becomes smaller and finally disap-
pears, while that on the lower semi-cylinder becomes larger.
The pressure drop along the lower semi-cylinder is much larger
than that along the upper semi-cylinder at a higher eccentricity
ratio, which makes the positive shear stress play a dominant
role in this region. Meanwhile, the maximum pressure zone
shifts counterclockwise and the minimum pressure zone on
the upper semi-cylinder shifts leeward, leading to a variation
of cylinder surface areas subjected to the positive and negative
shear stress. So the rotational behavior of the cylinder is depen-
dent on the distribution of shear stress exerted on the cylinder,
while the shear stress is affected by the pressure difference on
the cylinder surface, the shift of maximum and minimum pres-
sure zones, and the shift of stagnant points and separate points.

The flow pattern is obviously different for the flow past a
rotating cylinder and past a static cylinder when the Reynolds
number is low, and such difference disappears with an increase
in the Reynolds number. At a low Reynolds number, a
stagnant point appears at the position with azimuthal angle
θ ≈ π/2. As the Reynolds number increases, an obvious vortex
appears behind the rotating cylinder. As the Reynolds number
continues to increase, a pair of large vortices appears behind the
rotating cylinder, which is similar to the case of the static cylin-
der. When the cylinder rotates clockwise and counterclock-
wise, the drag coefficient for the rotating cylinder is larger and
smaller than that for the static cylinder, respectively. Only the
counterclockwise rotation of the cylinder has a drag reduction
effect compared with that of the static cylinder. Similarly, the
difference in lift coefficient between the rotating cylinder and
static cylinder is highly related to the mean rotating velocity.
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