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Abstract. An effort has been made in this paper to numerically estimate the critical rotational speeds for
which the steady separation bubble completely disappears behind a circular cylinder. The cylinder is subjected
to an unconﬁned free stream ﬂow, however, ﬁctitious conﬁning boundaries are considered for computational
convenience. The Reynolds numbers computed from the free stream ﬂow velocity are considered in the range of
10–40. In this range of Reynolds number, the ﬂow around a stationary circular cylinder remains steady and
separated with the formation of a recirculation zone through counter-rotating vortices (separation bubble) behind
the body. Rotational motion is provided to the cylinder that causes stabilization of the ﬂow ﬁeld. The separation
bubble vanishes and an attached type ﬂow feature is observed. The rotational speeds at which the recirculating
zone behind the cylinder completely vanishes in the said range of Reynolds number are considered as the critical
rotation rates. The aerodynamic coefﬁcients are obtained for the speciﬁc operating conditions and a regime
diagram is produced depicting the separated and the attached ﬂows.
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1. Introduction
The hydrodynamics around a rotating body is of tremendous fundamental importance, since a signiﬁcant control of
the wake dynamics can be achieved by subjecting the body
to rotary oscillations [1]. Rotation of the body changes the
wake structure behind it and also changes the characteristics of the Karman vortex street resulting in the generation
of a nonzero time-averaged lateral force, known as the
Magnus force [2]. The ﬂow over rotating cylinders ﬁnds
wide applications such as shafts and axles to spinning
projectiles. The rotation causes lift enhancement, drag
reduction and suppression of vortex-induced oscillations
[3–5]. Here the main focus is the stabilization of the ﬂow
ﬁeld by subjecting the body to rotary motion. For rotation
induced free stream ﬂow across a cylinder, the Reynolds
number (Re) and the dimensionless rotational speed (X) are
the two important governing parameters depending on
which the typical ﬂow features originate. The major stabilization effect of the rotation to cylinder is manifested so far
in the form of the suppression of the vortex shedding
phenomena. For Re\40  50, the vortex shedding is typically not observed irrespective of X [6]. However, for
Re  50, the suppression of vortex shedding has been
demonstrated at a critical value of X [7]. Additionally, with
*For correspondence

further increase in X after the suppression of vortex shedding, the same reappears for a narrow intermediate range of
X and remains steady at higher X [8–10].
One important observation which motivates the present
work is the degeneration of the separated ﬂow in the subcritical Re range due to the rotation induced stabilization
effect. Similar stabilization phenomena were reported
under the action of transverse magnetic ﬁeld [11] and
superimposed thermal buoyancy [12–15]. The ﬂow remains
steady and separated around the stationary cylinder in the
subcritical Re range. However, when the rotation is
imparted, the recirculation bubble gradually starts disappearing and eventually no separation can be observed. Such
phenomena occur at a critical rotation rate and above that
critical rotation, the ﬂow remains completely attached to
the body. Our intention here is to compute that critical
rotation rates for which the separation bubble behind the
cylinder completely vanishes in the Reynolds number range
of 10–40 which is yet to be reported in the literature.
In order to do this a ﬁnite volume based numerical
computation is carried out using the CFD (computational
ﬂuid dynamics) solver Ansys Fluent [16]. Streamlines are
shown to understand the ﬂow separation through the formation of separation bubble and its subsequent disappearance for the stationary and the rotating cylinder, i.e.,
without and with rotation. The drag and lift coefﬁcients are
obtained and tabulated to show the effect of rotation on the
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A proper justiﬁcation for choosing the computational
domain size is given in section 3. The ﬂow is occurring
from left to right along the positive x-axis with a uniform
velocity u1 . A clockwise rotation is imparted to the
cylinder. The rotational speed x is uniform and we deﬁne a
dimensionless rotational speed as
X ¼ x=ð2u1 =dÞ

Figure 1. Schematic of the physical problem.

aerodynamic coefﬁcients. Finally, a regime diagram is
produced to delineate the separated and the attached ﬂows
under rotation for the range of Reynolds number.

2. Physical problem and mathematical
formulation
The deﬁnition of the physical problem is schematically
given in ﬁgure 1. The ﬁgure presents a circular cylinder of
diameter d kept centrally within a circular computational
domain of radius H. The radius H (= 300d) is taken sufﬁciently big in order to mimic an unconﬁned ﬂow situation.

. It should be emphasized here that the direction of rotation
of the cylinder does not have any signiﬁcant inﬂuence on
the physical ﬂow phenomena. It only inﬂuences the aerodynamic force such as the lift coefﬁcient will become
negative for counter-clockwise rotation of the object producing a downward lift.
All the mathematical formulation is carried out in the
two-dimensional space. A low Reynolds number 10–40
formulation is also invoked that makes the ﬂow steady and
laminar. Additionally, we consider an incompressible and
Newtonian ﬂuid with constant physical properties. The
governing equations are made dimensionless by considering the diameter (d) of the cylinder as the length scale and
free stream velocity (u1 ) as the velocity scale. The pressure
is scaled by q u21 where q is the ﬂuid density. With these
strategies, the dimensionless forms of the governing ﬂuid
dynamic equations become:
oui
¼0
oxi

ð1Þ

 
o ui uj
op
1 o2 ui
¼
þ
oxj
oxi Re oxj oxj

ð2Þ

where u is the dimensionless velocity and p is the dimensionless pressure, Re (¼ u1 d=m) is the Reynolds number
with m being the kinematic viscosity of the ﬂuid.

Figure 2. Grid distribution, (a) complete domain, (b) closer view near the cylinder [14].
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Figure 3. Variation of drag coefﬁcient with rotational speed for
different Reynolds numbers, comparison of present results with
the results reported in the literature [8, 17].

The above governing equations are solved in conjunction
with the following boundary conditions: (1) a uniform
velocity at the inlet (arc ABC) with the Cartesian components given by, u ¼ 1; v ¼ 0, (2) a fully developed ﬂow i.e.,
an outﬂow boundary condition at the exit (arc ADC). This
boundary condition can be mathematically prescribed as the
zero diffusion ﬂuxes normal to the exit plane
(ou=on ¼ ov=on ¼ 0, where n is the outward normal), (3) a
no-slip boundary condition on the surface of the cylinder
prevails, however, since the cylinder is rotating, the components of the velocity on the surface can be computed
from the rotational speed of the cylinder as u ¼ X sin h,
v ¼ X cos h with h being the polar angle and h ¼ 0 is
coincident with the positive x-axis.
The aerodynamic coefﬁcients such as the lift and drag
are obtained from the following equations:
Z2p
CL ¼ 

2
p sin hdh þ
Re

Z2p 

0

Z2p
CD ¼ 
0


ou ov

cos h dh
oy ox

ð3Þ


Z2p 
ou ov

sin h dh
oy ox

ð4Þ

0

2
p cos h dh 
Re

Figure 4. Flow characteristics (streamlines) around the stationary cylinder at varying Reynolds number.

can be integrated over the surface of the cylinder to get the
average skin friction coefﬁcient as:


2 ou ov

ð6Þ
Cf ¼
Re oy ox

0

In the above equations the ﬁrst and the second terms on
the right hand side respectively gives the contributions from
the pressure and viscous forces on the lift and drag
coefﬁcients.
The local skin ﬁction coefﬁcient is obtained from:
sw
2
2 qu1

Cfx ¼ 1

ð5Þ

where sw is the wall shear stress and 12 qu21 is the free
stream dynamic pressure. The local skin friction coefﬁcient

3. Numerical solution
As presented in ﬁgure 1, a circular computational domain is
chosen for ease of grid generation. The diameter of the
computational domain is chosen sufﬁciently large, 2H =
600d. This helps in mimicking the inﬁnite or unbounded
ﬂow situation. A domain sensitivity study is also taken up
by choosing two different domain diameters as 400d and
800d. Computations are performed for Re = 10 and X ¼ 0
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Figure 5. Streamlines around the rotating cylinder for (a) Re =
10 and (b) Re = 20 at different rotational speeds.

and 4 for all three domains and drag (CD) and lift (CL)
coefﬁcients are obtained for all cases. Maximum deviations
of 3.02% between 400d and 600d, whereas 0.96% between
600d and 800d. Accordingly, 600d is chosen to produce
accurate and computationally inexpensive results.
For such type of circular domain, an O-type grid can
easily be generated. In order to capture the ﬂow separation
and suppression phenomena, a higher grid density is used

Figure 6. Streamlines around the rotating cylinder for (a) Re =
30 and (b) Re = 40 at different rotational speeds.
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Table 1. Drag and lift coefﬁcients for different Reynolds numbers and rotational speeds.
Re

X (rad/s)

10
10
10
15
15
15
20
20
20
25
25
25
30
30
30
35
35
35
40
40
40

0.001 (\Xcr)
0.009 (=Xcr)
0.025 ([Xcr)
0.05 (\Xcr)
0.09 (=Xcr)
0.25 ([Xcr)
0.1 (\Xcr)
0.4 (=Xcr)
1 ([Xcr)
1 (\Xcr)
1.5 (=Xcr)
2 ([Xcr)
2 (\Xcr)
3 (=Xcr)
4 ([Xcr)
3.5 (\Xcr)
4 (=Xcr)
4.5 (\Xcr)
3.5 (\Xcr)
4.45 (=Xcr)
5.5 ([Xcr)

CD

CL

2.7601
2.7561
2.7553
2.2739
2.2738
2.2715
1.9983
1.9916
1.9568
1.7730
1.7210
1.6449
1.5102
1.2972
1.0294
1.0660
0.9287
0.7871
0.9850
0.7127
0.4347

0.0014
0.0124
0.1386
0.0684
0.1219
0.3389
0.1326
0.5312
1.3335
1.3082
1.9780
2.6647
2.6243
4.0745
5.6974
4.8209
5.6647
6.5757
4.7849
6.5525
8.6715

close to the cylinder. The generated grids are shown in
ﬁgure 2, for the full domain (ﬁgure 2(a)) and close to the
cylinder (ﬁgure 2(b)). 26720 cells are used to discretize the
domain. A grid sensitivity analysis is also done by discretizing the domain with another two sets of mesh sizes,
(a) 24000 cells and (b) 28960 cells. Simulations are carried
out with two extreme values of Reynolds number and
rotational speed, Re = 10 and 40, X ¼ 0 and 4. We observe
a maximum difference in CD and CL of about 3.68%
between (a) and the selected mesh, while about 1.26%
between (b) and the selected mesh. Hence, the ﬁnal choice
of the mesh size is justiﬁed from the consideration of the
computational time and cost.
The Ansys Fluent [16] CFD solver is used for the
numerical computation. The convective terms in equation
(2) are discretized following the QUICK (Quadratic
Upstream Interpolation Convective Kinetics) scheme and
for the diffusive terms the central difference scheme is
used. Pressure is interpolated at the cell faces from the cell
centers following a standard scheme. The pressure-velocity
coupling is accomplished through the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm.
The ﬁnal discretized algebraic equations are solved following a Gauss-Siedel iterative technique. When the relative errors are below a predeﬁned value of 10-6, the
convergence is declared.
For the purpose of numerical veriﬁcation, the simulated
results are compared with the results reported by Stojkovic
et al [8] and Ingham and Tang [17]. The comparisons are
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presented in ﬁgure 3 which shows the variation of the drag
coefﬁcient with rotational speeds for different Reynolds
numbers. The comparison shows satisfactory matching with
the results reported in the literature [8, 17].

4. Results and discussion
The ﬂow around the circular cylinder subjected to uniform
rotation is simulated for Re = 10–40 in steps of 5. In order
to understand the effect of rotation on the separation and
suppression of separation bubble behind the object, it is
important to observe the ﬂow ﬁeld for the stationary object
i.e. with zero rotation. However, these results are frequently
available in the literature. Figure 4 shows the development
of the ﬂow ﬁeld (streamlines) around the body for different
Reynolds numbers (Re = 10, 20, 30 and 40) with no rotation. The ﬂow is steady at these Reynolds numbers with
formation of a separation bubble behind the cylinder and
development of two counter rotating vortices. With
increasing Reynolds number, this separation bubble grows
with increase in both its length (L) and width (W) and also
the separation angle (/). At this range of Reynolds number
the ﬂow behind the cylinder remains completely symmetric
about the central horizontal axis of the cylinder.
When rotation is superimposed, the ﬂow ﬁeld behind the
cylinder drastically changes with breaking of the symmetry
about the central horizontal axis of the cylinder. Formation
of a thin shear layer is noticed on the surface of the cylinder
due to rotation. With increasing rotational speed, the shear
layer grows affecting the ﬂow farthest from the object,
more and more asymmetry induces resulting the ﬂow to
shift downward at larger rotational speeds. In comparison
to the stationary cylinder, the rotation makes substantial
changes in the ﬂow characteristics close to the cylinder.
The ﬂow ﬁelds for the rotating object are shown in ﬁgures 5
and 6 for different Reynolds numbers. It is important to
notice the closed streamlines for all rotational speeds
ðX [ 0Þ. This is in contrast with the potential ﬂow theory
which tells that the closed streamlines can be seen only for
X [ 1. For small X, the closed streamlines are found in the
close proximity of the object and as X increases they are
found in the larger regions as shown in ﬁgures 5 and 6.
Additionally, as X increases, a larger volume of ﬂuid
rotates with the object. One very interesting thing that can
be noticed from ﬁgures 5 and 6 is that with increasing
rotational speed the streamlines are becoming attached to
the body and the recirculating bubbles start disappearing.
We show in ﬁgures 5 and 6 how the recirculating bubbles
disappear with increasing rate of rotation for different
Reynolds numbers. The onset of bubble disappearance can
be supposed to occur at a critical rotational speed (Xcr) and
above that critical speed the ﬂow becomes completely
attached with the body with no existence of recirculating
bubbles. Hence the ﬂow becomes attached and this happens
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Figure 7. Skin friction coefﬁcient distribution over the surface of the cylinder for (a) Re = 10, (b) Re = 20, (c) Re = 30 and (d) Re = 40
at X \ Xcr, X = Xcr and X [ Xcr.

due to the stabilizing action of the rotational motion of the
cylinder.
Table 1 provides the drag and lift coefﬁcients for different Reynolds numbers and at rotational speeds having
values smaller and greater than the critical value and also at
the critical value for the respective Reynolds number. The
positive lift coefﬁcient in Table 1 is indicative of the
clockwise rotation of the cylinder producing an upward lift.
The upward lift increases with Reynolds number, whereas
the drag decreases. With increase in the rotational speed
also similar nature of the drag and lift can be observed. It is
to be emphasized that the skin friction coefﬁcient is
indicative of the suppression phenomena. When there is
ﬂow separation behind the cylinder, the skin friction is less
because of less surface area in contact with the ﬂuid,
however, when the separation bubble is suppressed, the
contact area with the ﬂuid increases which causes the skin
friction to increase. Figure 7 is plotted in this regard to

show the variation of the skin friction coefﬁcient as
obtained from Eq. (6) over the surface of the rotating
cylinder at different Reynolds numbers and rotational
speeds. At low Reynolds number (Re = 10), since the
rotational speeds are also small, no signiﬁcant variation in
Cf can be observed. As the Reynolds number increases, the
variation in Cf also increases and this variation becomes
signiﬁcant outside the range 60 \h\60 .
Finally, we present in ﬁgure 8 the variation of the critical
rotational speed of the cylinder for complete suppression of
separation bubble around the body for different free stream
Reynolds numbers. It is observed that the critical speed
requirement increases in a non-linear fashion with
increasing Reynolds number. This is attributable to the fact
that as the Reynolds number increases, ﬂow instability
increases due to increasing inertia effect. Hence, larger
stabilization force is required to make the ﬂow completely
degenerated into an attached ﬂow.
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Subscripts
1 Free stream
cr Critical

References

Figure 8. Regime diagram.

5. Conclusion
A two-dimensional computational technique is deployed to
understand the suppression of separation bubble around a
rotating circular cylinder for a low range of free stream
Reynolds number. The rotation causes the stabilization
effect which is responsible for the suppression phenomena.
The regime diagram is obtained which shows the demarcation for the attainment of separated and attached ﬂows as
a consequence of the superimposed rotation to the object.
This has got signiﬁcant importance in regard to the control
of boundary layer separation over a bluff object using
rotation as a controlling mechanism.

List of symbols
CD Drag coefﬁcient
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Skin friction coefﬁcient
Cfx Local skin ﬁction coefﬁcient
Lift coefﬁcient
CL
d
Cylinder diameter (m)
H
Domain radius (m)
p
Dimensionless pressure
Re
Reynolds number
u, v Dimensionless velocity
x, y Coordinates (m
Greek letters
m
Kinematic viscosity of ﬂuid (m2/s)
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Density of ﬂuid (kg/m3)
sw Wall shear stress (N/m2)
x Rotational speed (rad/s)
X Dimensionless rotational speed
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