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In this paper, laminar flow past a rotating circular cylinder placed in a compressible uniform stream
is investigated via a two-dimensional numerical simulation and the compressibility effects due to the
combination of the free-stream and cylinder rotation on the flow pattern such as forming, shedding,
and removing of vortices and also the lift and drag coefficients are studied. The numerical simulation
of the flow is based on the discretization of convective fluxes of the unsteady Navier-Stokes equations
by second-order Roe’s scheme and an explicit finite volume method. Because of the importance of
the time dependent parameters in the solution, the second-order time accurate is applied by a dual
time stepping approach. In order to validate the operation of a computer program, some results are
compared with previous experimental and numerical data. The results of this study show that the
effects due to flow compressibility such as normal shock wave caused the interesting variations on the
flow around the cylinder even at a free-stream with a low Mach number. At incompressible flow around
the rotating cylinder, increasing the speed ratio, α (ratio of the surface speed to free-stream velocity),
causes the ongoing increase in the lift coefficient, but in compressible flow for each free-stream Mach
number, increasing the speed ratio results in obtaining a limited lift coefficient (a maximum mean lift
coefficient). In addition, results from the compressible flow indicate that by increasing the free-stream
Mach number, the maximum mean lift coefficient is decreased, while the mean drag coefficient is
increased. It is also found that by increasing the Reynolds number at low Mach numbers, the maximum
mean lift coefficient and critical speed ratio are decreased and the mean drag coefficient and Strouhal
number are increased. However at the higher Mach numbers, these parameters become independent
of the Reynolds number. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973564]

NOMENCLATURE

D Cylinder diameter
Cl Lift coefficient
Cp Pressure coefficient
Re Reynolds number
t Time
E Total energy per unit mass
H Enthalpy per unit mass
p Pressure
u, v Cartesian velocity components
U∞ Free-stream velocity
a∞ Free-stream sound speed
M∞ Free-stream Mach number
ρ Density
µ Dynamic viscosity
ω Angular velocity of rotating cylinder
α Non-dimensional speed ratio
τ Non-dimensional time
θ Surface angle respect to cylinder center
−− Mean value superscript
∞ Free-stream subscript

a)Author to whom correspondence should be addressed. Electronic mail:
teymourtash@um.ac.ir.

I. INTRODUCTION

In fluid dynamics, laminar flow past a rotating cylinder
is an important and significant issue and so applications in
the design of rockets, missiles, ships, aeronautics, etc., have
been studied from various aspects. Unlike the simple geome-
try of the rotating cylinder that can make a complex flow1 and
for this reason, despite the numerous studies, there are vague
points about this issue as yet. Two cases of steady and unsteady
streams are notable in the prediction of the forces on the cylin-
der, especially the lift force, which is of great importance.2

Attention to this flow surges not only from the viewpoint of
wake dynamics percept but also from its applications to flow
control; so that with placing the rotating cylinders in suitable
positions in the flow,3,4 the separation and wakes structure of
flow can be controlled. Abu-Hijeh5 controlled the reattaching
shear layer flow over a 2-D backward facing step by the use
of a rotating cylinder mounted after the step. The rotation of
cylinder can also be effective in drag cutback and suppression
of vortex-induced vibrations.6

Cylinder rotation produces an asymmetric wake flow,
leading to a net lift force commonly known as the Magnus
effect.7 The formation of this force is that the parts of the flow
which have a different direction with cylinder rotation con-
front with the velocity reduction and the opposite parts are
accelerated. This causes a pressure difference on the cylinder
surface, and accordingly, the Magnus force is produced.
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One of the important and challenging subjects in this field
is whether the lift force that is produced by a spinning cylinder
has an upper bound. Prandtl8 was one of the first researchers
that experimentally measured the lift coefficient generated by
a rotating cylinder placed in a uniform stream. He claimed
that the resultant lift coefficient has a maximum value of 4π.
Tokumaru and Dimotakis,3 despite the problems that existed
at that time to measure the lift coefficient operating on a rotat-
ing cylinder, could obtain the mean lift coefficient for Re =
3800. But, they observed that the lift coefficient can exceed
Prandtl’s bound which was 4π. However before that, Glauert9

numerically found that the limitation claimed by Prandtl could
not exist. He concluded his 2-D solution that the lift coefficient
can be increased indefinitely with speed ratio, α. It should be
noted that his solution was only valid for those speed ratios
which led to the elimination of flow separation.

Studies on the flow past the spinning cylinders
at low Reynolds numbers were continued by several
researchers.4,10–16 Their common observations included two
distinct vortex shedding forms. At low non-dimensional speed
ratios (α ≤ 2), the Benard-von-Karman vortex street was seen
which includes the vortex shedding from the top and bot-
tom of the cylinder, alternatively. The second vortex shed-
ding form occurred at higher speed ratios over a small range
(4.4 ≤ α ≤ 4.8). In this range, single-sided vortex shedding
occurred with a period longer than the previous one. At speed
ratios outside the ranges expressed as above, the flow situa-
tion led to a steady state and without vortex shedding. Recent
investigation by Kumar et al.17 and Balcarová18 confirmed the
occurrence of these two shedding types. Mittal and Kumar4

performed comprehensive 2-D numerical investigation of a
rotating cylinder in a wide range of non-dimensional speed
ratios (0 ≤ α ≤ 5) at a constant Reynolds number of 200.
They tried to analyze the flow behavior in detail, so that their
results confirmed Glauert’s claim about an indefinite increase
in the lift coefficient with α. Also, in recent years, several
studies have been conducted in this area. Fallah et al.19 simu-
lated the planar shear flow passing a rotating cylinder at low
Reynolds numbers. Bourguet and Jacono20 investigated the
flow-induced vibrations of a rotating cylinder by a spring-mass
system. Martı́n-Alcántara et al.21 studied the variations of lift
and drag forces in a two-dimensional rotating cylinder and con-
cluded that the vortex shedding suppression could enhance the
lift force and almost decrease the drag force.

As seen in previous studies, one important result of the
flow past a two-dimensional rotating cylinder was an indef-
inite increase in the lift coefficient with α. In these studies,
just two parameters of Reynolds number and speed ratio were
considered as affecting factors in this flow; however, an impor-
tant factor has not been investigated on the above flow, that
is, the compressibility effect. This issue especially at higher
speed ratios of cylinder will be considerable. Because of these
situations, flow around the cylinder can be impressed on the
severe effects of the compressibility, even at low free-stream
Mach numbers. As mentioned above, laminar flow past a rotat-
ing cylinder has several applications; however, it may face a
compressible flow. Therefore, it is important to consider the
compressibility effects. Ou et al.22 investigated the compress-
ible flow past two counter rotating cylinders. They used a

high-order accurate numerical method to study the flow over
a wider range of Reynolds number, Mach number, and speed
ratio. Their computations showed that the counter rotating the
cylinders results in the formation of an elliptical streamline
pattern enclosing the cylinders pair, which helps us suppress
vortex wake and reduce the drag on the cylinders to a value
very close to zero.

The aim of the present study is the investigation of com-
pressibility effects on the flow past a rotating cylinder, which
includes the following innovations:

• investigation of the compressibility effects on the lift and
drag coefficients of a rotating cylinder with various free-
stream Mach numbers and speed ratios;
• to obtain critical speed ratios at different free-stream

Mach numbers which cause the lift coefficient to maxi-
mize for a rotating cylinder;
• to study the compressibility effects on the flow pattern;

and
• analysis of the normal shock effects on the flow charac-

teristics.

In this regard, flows with free-stream Mach numbers
between 0.05 and 0.4 pass through a cylinder with a wide range
of speed ratios. Then, the values and variations of the lift and
drag coefficients obtained by the rotating cylinder have been
analyzed. Results are obtained in detail for a Reynolds number
of 200 and some brief results are also reported for Re = 40,
60, and 120. In the present paper, the Navier-Stokes equations
are solved on a two-dimensional, unsteady, compressible, and
viscous flow by developing a computer program. Since there
is a need to carefully validate any numerical model, a number
of code validation studies are first presented, including some
cases of streamlines and time histories of lift and mean drag
coefficients.

II. MATHEMATICAL AND NUMERICAL FORMULATION

In this section, the numerical procedure used to compute
the unsteady viscous flow is briefly described. The integral
formulation of the two-dimensional Navier-Stokes equations
can be written as23

∂

∂t

∫
Ω

−→
WdΩ +

∮
∂Ω

(
~Fc − ~Fv

)
dS = 0, (1)

where

~W =



ρ
ρu
ρv
ρE



; ~Fc =



ρV
ρuV + nxp
ρvV + nyp
ρHV



; ~Fv =



0
nxτxx + nyτxy

nxτyx + nyτyy

nxΘx + nyΘy


(2)

with the control volume Ω, the control surface ∂Ω, and the
contravariant velocity V ; the velocity normal to the surface
element dS is being defined as the scalar product of the velocity
vector and the unit normal vector, i.e.,

V ≡ ~v · ~n = nxu + nyv . (3)
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E is the total energy per unit mass and is defined as

E =
p

ρ (γ − 1)
+

(
u2 + v2

2

)
. (4)

The shear stress components, Θx and Θy, are expressed as

τxx = 2 (µ + µt) *
,

∂u
∂x
−
~∇ · ~v

3
+
-

, (5)

τyy = 2 (µ + µt) *
,

∂v

∂y
−
~∇ · ~v

3
+
-

, (6)

τxy = τyx = (µ + µt)

(
∂u
∂y
+
∂v

∂x

)
, (7)

Θx = uτxx + vτxy, (8)

Θy = uτyx + vτyy. (9)

The integral Eq. (1) is solved by a particular technique
known as the dual time-stepping approach, which is very often
employed for unsteady flows. This approach is based on the
second-order time accurate as

3 (ΩM)n+1 −→Wn+1 − 4 (ΩM)n −→Wn + (ΩM)n−1 −→Wn−1

2∆t
= −~Rn+1,

(10)

where ∆t denotes the global physical time step, M the mass
matrix, and the superscripts n � 1, n, and n + 1 the time
levels, respectively. The residual ~R is discretized using a finite-
volume scheme based on the second-order approximate Rie-
mann solver of Roe.23 The time-stepping approach can be
written as

∂

∂t∗

(
Ωn+1−→W∗

)
= −~R∗

(
−→
W∗

)
, (11)

where
−→
W∗ is the approximation to

−→
Wn+1 and t* denotes a

pseudo-time variable. The unsteady residual
−→
R ∗ is defined as

~R∗
(
−→
W∗

)
= ~R

(
−→
W∗

)
+

3
2∆t

(ΩM)n+1 −→W∗ −
−→
Q∗. (12)

All terms which are constant during the time-stepping in
Eq. (11) are collected in a source term, i.e.,

~Q∗ =
2
∆t

(ΩM)n −→Wn −
1

2∆t
(ΩM)n−1 −→Wn−1. (13)

Eq. (11) is solved using an explicit multistage scheme accord-
ing to Jameson.24 By solving this equation, the required flow
quantities such as pressure, shear stresses, and velocity compo-
nents are computed, and so the streamlines around the cylin-
der and its lift and drag coefficients can be achieved. These
coefficients are defined as

Cl =
Fl

1/
2ρU2

∞D
, (14)

Cd =
Fd

1/
2ρU2

∞D
, (15)

where F l and Fd are the lift and drag forces, respectively, ρ is
the fluid density, D is the cylinder diameter, and U∞ denotes

FIG. 1. A close-up view of the O-C grid used in flow computations.

the free-stream velocity. Non-dimensional speed ratio (ratio
of the surface speed and free-stream speed) of the cylinder is
defined by the following equation:

α =
ωD
2U∞

, (16)

where ω is the angular velocity.

III. GRID GENERATION AND BOUNDARY CONDITIONS

To solve the above equations, numerically, a computa-
tional space is needed based on the physical space of the
problem. Depending on the geometry, different gridding meth-
ods can be used such as O-type and C-type. An O-grid has lines
of points where the last point goes around the solid boundary
and meets the first point. Thus, it has some family of grid lines
that looks like the letter “O.” A C-grid has lines of points in
one direction which are shaped roughly like the letter “C,”
and these lines start at the downstream boundary, go forward
around the front of the solid boundary, and then back out of
the downstream boundary. In this paper, a combined O-C grid
is used to solve the flow equations. Fig. 1 shows a close-up
view of this grid which is displayed in the x-y plate. The O
portion causes the generation of an orthogonal grid near the
solid boundary and the C portion is suitable for capturing the
vortex shedding behind the cylinder.

According to the grid, an outer far-field boundary and an
inner boundary complied with the solid boundary (cylinder
surface) are needed, as shown in Fig. 2. On the solid bound-
ary, the velocity components are equal to the components of
the cylinder rotation speed, and according to the no-slip flow
condition, the contravariant velocity, V, will be zero. Also, the
normal gradient of density, pressure, and temperature is set to

FIG. 2. Boundaries of computational domain.
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FIG. 3. Variation of mean lift and drag coefficients and the Strouhal number
for α = 3, Re = 200, and M∞ = 0.3.

zero. However for the pressure boundary condition, the pres-
sure induced by centrifugal acceleration of the cylinder should
also be applied.25 According to Newton’s second law, it can
be written as

pacc =
mf~a

~A
, (17)

where~a is the centrifugal acceleration and mf denotes the fluid
mass of the adjacent cell.

FIG. 4. Comparison of the mean pressure coefficient of the cylinder surface
for M∞ = 0.8 and Re = 80 000.

IV. RESULTS AND DISCUSSIONS
A. Grid resolution study

To implement the numerical solution of above equations
in the computational space, it is necessary to study the compu-
tational grid independency. In fact, a grid with optimized cell
numbers and dimensions must be generated. In the present
work, vortex shedding effects are transmitted to a relatively
large distance toward the downstream, and therefore, a grid
with proper dimensions is needed. For this purpose, some
grids with various cell numbers (N) and lengths to diameter
ratios (L/D, see Fig. 2) are studied. The ratio of N and L/D
is configured such that the mesh resolution keeps unchanged.
In addition to the aerodynamic coefficients, there is a non-
dimensional parameter which may also be dependent on the
computational grid which is called Strouhal number. This
parameter is related to the vortex shedding frequency and is
defined as St = fD

U∞
, where f is the vortex shedding frequency

which has also been computed from the oscillations of the
lift coefficient. Fig. 3 shows that the Strouhal number and the

FIG. 5. Comparison of streamlines past
a rotating cylinder forα = 0.5, Re = 200,
and M∞ = 0.05.
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FIG. 6. Comparison of lift coefficients of a rotating cylinder for α = 0-5,
Re = 200, and M∞ = 0.05.

mean lift and drag coefficients with its values at the peak and
bottom of the oscillations versus 20 ≤ L/D ≤ 100 corresponded
to 6000 ≤ N ≤ 40 000 for α = 3, Re = 200, and M∞ = 0.3.
It is observed that for the L/D ≥ 70 which corresponds to
N ≥ 25 000, the results are independent of the grid. Comparison
of the results for L/D = 70 and N = 36 000 in Fig. 3 shows that
the increase in the cell numbers does not change the results.

FIG. 7. Comparison of mean drag coefficients of a rotating cylinder for
α = 0-5, Re = 200, and M∞ = 0.05.

The radial thickness of the near wall cells is set to 0.0025
times the cylinder diameter according to Mittal and Kumar.4

They used this near wall size to solve the flow past a rotating
cylinder at Re = 200. Finally, the grid with L/D = 70 and N
= 28 000 is chosen to carry out the computations in this study.

B. Code validation study

Before using the prepared computer program for anal-
ysis of the compressible flows past the rotating cylinder,
it is necessary to evaluate the validity of the flow solver. First,

FIG. 8. Cylinder lift coefficients for
various α, Re = 200 and (a) M∞ = 0.1,
(b) M∞ = 0.2, (c) M∞ = 0.3, (d) M∞
= 0.4.
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FIG. 9. Mean lift coefficients of a rotating cylinder with respect to M∞ for
α = 1-12 and Re = 200.

for evaluating the solver ability to solve compressible flows,
flow past a stationary cylinder with M∞ = 0.8 and Re = 80 000
is simulated. A k-ω turbulence model has been used for this
simulation. Fig. 4 shows the mean pressure coefficient of the
cylinder and its great agreement with the measured data from
the work of Murthy and Rose.26

In the next case, flow at a Reynolds number of 200 past a
cylinder with α = 0.5 with an impulsive start is solved and the
obtained streamlines for non-dimensional time τ = 2U∞t/D
are compared with the experimental results from the work of
Coutanceau and Menard27 and numerical results obtained by
Fallah et al.19 as shown in Fig. 5. Good agreement is seen
between the computational and experimental results for all
times. Process of the vortices formation and the vortex shedd-
ing toward the downstream can also be observed in Fig. 5.
The next study is to compare the lift and drag coefficients
generated by the rotating cylinder with the numerical results
from the work of Mittal and Kumar.4 Since in Ref. 3 an
incompressible flow is simulated, a free-stream Mach num-
ber of 0.05 is used to prevent the compressibility effects.
Fig. 6 shows the lift coefficients with respect to the non-
dimensional time τ for 0 ≤ α ≤ 5 and Re = 200. The mean
drag coefficients are also shown in Fig. 7. The results show
excellent agreement. The curves analysis of Fig. 6 such as
lift coefficients values and the formation, shedding, and elim-
ination process of the vortices are discussed in detail in
Ref. 4.

TABLE I. Critical speed ratios and maximum mean lift coefficients for
various Mach numbers and Re = 200.

M∞ αcr Clmax

0.1 12 �69.9
0.125 10.7 �45
0.15 9.5 �31.1
0.2 7.5 �20.6
0.25 6 �12.8
0.3 4.8 �8.8
0.35 3.8 �6.4
0.4 3 �5.2

Based on the above validations, it can be guaranteed that
the solver is reliable for the present research.

C. Compressibility effects on the lift coefficient

To study the compressibility effects on the flow around the
rotating cylinder, the flows with a Reynolds number of 200 and
free-stream Mach numbers between 0.1 and 0.4 cross through
the cylinders with a wide range of speed ratios. Then, the values
and the trend of variations of Cl are discussed. Figs. 8(a)–8(d)
show the lift coefficients with respect to the non-dimensional
time τ for M∞ = 0.1, 0.2, 0.3, and 0.4, respectively.

As seen in Fig. 6, the results with M∞ = 0.05 coincide with
the incompressible results. Because under these conditions, the
maximum value of the speed ratio is equal to 5. Therefore, the
Mach number value in the vicinity of the cylinder surface will
be 0.05 × 5 = 0.25, where the compressibility effects are neg-
ligible. On the other hand, by observing the present results for
a flow with M∞ = 0.1 shown in Fig. 8(a), it is found that for
α = 5 the Mach number in the vicinity of the cylinder sur-
face is 0.1 × 5 = 0.5. Accordingly, the compressibility effects
are brought up. It can be seen that the oscillating lift coef-
ficient or, in other words, the vortex shedding phenomenon
occurs at a higher speed ratio. It is also observed that the mean
lift coefficient for the compressible flow is lower than for the
incompressible flow at each similar speed ratio. In fact, the
flow compressibility has decreased the lift coefficient.

The results presented for free-stream Mach numbers of
0.2, 0.3, and 0.4 (Figs. 8(b)–8(d)) show that for α ≥ 5 the vor-
tex shedding always forms. Also, it can be observed that for
each given speed ratio, the mean lift coefficient is decreased
with increasing the free-stream Mach number. For example,
for α = 5 and M∞ = 0.2, 0.3, and 0.4, the mean lift co-
efficients are �18.8, �8.5, and �5.3, respectively. Fig. 9 shows

FIG. 10. Mean streamlines around the rotating cylinder for α = 5, Re = 200, and M∞ = 0.05-0.4 (left to right).
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FIG. 11. (a) Clmax , (b)αcr as a function
of M∞ for Re = 200.

the variations of the mean lift coefficient with respect to the
free-stream Mach number for the various speed ratios. It is seen
that the increase in α causes an increase in the variation slope
of the curves. Comparison of mean streamlines around the
cylinder for M∞ = 0.05 to 0.4 at α = 5 is shown in Fig. 10. Cor-
responding to the lift coefficient reduction, peripheral vortex
flows have been shrunk. This figure also shows the stagnation
points marked with hollow circles.

Another important event which can also be inferred from
Fig. 9 is stoppage of the lift coefficient growth with increasing
speed ratio for each free-stream Mach number, while in the
incompressible flows, the lift coefficient indefinitely grows
with increasing speed ratio.4,9 In fact, for each free-stream
Mach number, there is a critical speed ratio (αcr) so that the
lift coefficient growth is stopped and its mean value reached
the maximum (Clmax). To achieve these two parameters, the
speed ratio is increased gradually, until the mean lift coef-
ficient will be unchanged and reaches the maximum value.
Table I shows the critical speed ratios and their corresponding
maximum mean lift coefficients with respect to the free-stream
Mach number. It is seen that the αcr and Clmax are decreased

FIG. 12. Variations of Clmax with respect to Reynolds number for M∞
= 0.1-0.4.

with an increase in M∞. Using data from Table I, a power fit
and a polynomial fit function are obtained for predicting Clmax

and αcr , respectively. These functions are presented in Fig. 11.
Referring to the variation slope of Clmax in Fig. 11(a),

it is found that this slope is very small for the Mach num-
ber of 0.4. It can be predicted that for higher Mach numbers,
Clmax trends to a specific value and in other words, be inde-
pendent of the Mach number. But this prediction is likely valid
for subsonic flows (M∞ < 0.7) because of the presence of
detached shocks in the transonic and supersonic regimes. A
detached shock wave may alter the flow pattern by increasing
the pressure and decreasing the Mach number in front of blunt
bodies.

The results have also been evaluated for several other
Reynolds numbers in the laminar flow regime. The maximum
mean lift coefficients and the critical speed ratios are plotted
in Figs. 12 and 13 for the Reynolds numbers from 40 to 200
and M∞ = 0.1, 0.2, 0.3, and 0.4. An increase in the Reynolds
numbers for M∞ = 0.1 caused the Clmax and αcr to decrease.
However, for M∞ > 0.2, the results are nearly independent of
the Reynolds number.

FIG. 13. Variations ofαcr with respect to Reynolds number for M∞ = 0.1-0.4.
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FIG. 14. Mean drag coefficients of a
rotating cylinder for M∞ = 0.2-0.4 and
α = 0-10; (a) Re = 40, (b) Re = 70, (c)
Re = 120, and (d) Re = 200.

D. Compressibility effects on the drag coefficient

In order to investigate the compressibility effects on the
drag coefficient of the rotating cylinder, the flows with the
Reynolds numbers of 40, 70, 120, and 200 and the free-stream
Mach numbers of 0.2, 0.3, and 0.4 with the speed ratios in
range of 0 to 10 are studied. Figs. 14(a)–14(d) show the mean
drag coefficients for these conditions. An event which is seen
in all curves is that the mean drag coefficients achieve a mini-
mum value and then increase. Its reason may be related to the
vortex shedding so that in a range of the speed ratios, form-
ing and shedding of the vortices are stopped or weakened and
consequently, the drag coefficient is decreased. Stopping the
drag coefficient growth for the above free-stream Mach num-
bers states that similar to the lift coefficients, the mean drag
coefficients have been bounded. Meanwhile, it is observed
that by increasing the free-stream Mach numbers, the mean
drag coefficient is increased for each speed ratio and the cor-
responding critical speed ratio is decreased. Comparison of the
results in each free-stream Mach number demonstrates that by
increasing the Reynolds number the mean drag coefficients are
increased. In some cases, the mean drag coefficient has been
negative due to the rotation effect.

E. Compressibility effects on the flow pattern

Compressible flow past the rotating cylinder can change
the flow pattern which includes the steady and unsteady flows.
In the unsteady situation, one-sided and two-sided vortex shed-
dings take place. In the one-sided case, the vortices shed to
one side of the flow, while in the two-sided case, twin vortices
behind the cylinder shed to upward and downward, alternately.
Figs. 15(a) and 15(b) categorize the type of flow patterns for
Re = 70 and 200, respectively. All three types of the flow pattern
are observed for the flow with Re = 200. At Re = 70, two-sided
vortex shedding has not occurred on the rotating cylinder. In
both cases the one-sided vortex shedding is the governing pat-
tern for M∞ ≥ 0.2 andα > 4, while for M∞ ≤ 0.2 and high speed
ratios, the flow becomes steady. The variation of the Strouhal
number versus the free-stream Mach number at critical speed
ratios and various Reynolds numbers is shown in Fig. 16. In
the cases of Re = 70, 120, and 200, the flow is steady-state and
without vortex shedding for M∞ < 0.13, whereas at Re = 40 the
flow is steady up to M∞ = 0.2. Therefore, the Strouhal number
is zero. This number is increased by increasing the free-stream
Mach number. It seems that for M∞ > 0.4, the variation of the
Strouhal number will be very small. It can also be found that

FIG. 15. Types of flow patterns: (a) Re
= 70, (b) Re = 200.
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FIG. 16. Variation of the Strouhal number versus the free-stream Mach
number at critical speed ratios and various Reynolds numbers.

the curves are close together for Re ≤ 70, compared to
Re = 40, because the vortex shedding is weakened due to the
high viscous flow at Re = 40.

F. Effect of the normal shock wave

To justify the compressibility effects on the results, it is
necessary to analyze the flow around the rotating cylinder
by quantities related to the flow field such as pressure and
velocity. For this purpose, a flow with M∞ = 0.2, Re = 200,
and α = 6 is exactly investigated. Instantaneous pressure coef-
ficients shown in Fig. 17 indicate that in a location of the
flow, a normal shock wave is formed. Blue-shaded area shows
the variation of the pressure coefficient which oscillates in a
period of vortex shedding. This figure also shows the com-
parison of pressure coefficient between the compressible and
incompressible flows with a similar Reynolds number and
speed ratio. In these conditions, the incompressible flow is
steady and without vortex shedding. It is seen that the dif-
ference between the maximum and minimum values of the
pressure coefficient in the compressible flow is less than this
difference in the incompressible one. Furthermore, the normal
shock wave in the compressible flow causes the moving of the
minimum pressure location versus the incompressible flow.
For the incompressible flow, this location occurs at a surface
angle of θ = 90◦, while for the compressible flow, it occurs at
the normal shock location which oscillates at about θ = 120◦

and oscillation amplitude of 5◦.
Several results were also obtained for different speed

ratios and free-stream Mach numbers. It was observed that
by increasing the speed ratio, the shock angle was slightly
increased, so that for α ≥ αcr , the mean shock angle remained
unchanged at θ = 124◦. Meanwhile, an increase in the free-
stream Mach number did not change the mean shock angle.

FIG. 17. Comparison of cylinder pressure coefficients for α = 6, Re = 200,
and M∞ = 0.2.

In order to better understand the issue, contours of
the instantaneous pressure coefficient and the Mach number
around the normal shock wave are shown in Figs. 18(a) and
18(b), respectively. An abrupt variation in the pressure coef-
ficient and the Mach number is observed in the shock wave
location, so that in a small thickness area, the pressure coef-
ficient and the Mach number values are changed from �38 to
�24 and 1.6 to 0.2, respectively. It clarifies that the rotating
cylinder can make a supersonic regime in the flow with a low
free-stream Mach number.

Another discussion is associated with vorticity magni-
tude and velocity vectors around the normal shock shown in
Fig. 19 which indicates that the velocity vectors are parallel
to the cylinder surface before the normal shock incidence. By
passing the shock, the vectors slope is increased and accord-
ingly leads to make higher vorticities (contours in Fig. 19).
Therefore, conditions for vortex formation will be provided.
It should be noted that the vorticity magnitudes shown in
Fig. 19 are normalized with a∞/D.

Based on the above analysis, it can be explained how the
compressibility leads to an upper bound for the lift coeffi-
cient. Compressible flow past the rotating cylinder can create
a normal shock wave. The peripheral vortex flow generated by

FIG. 18. Contours of (a) pressure coef-
ficient and (b) Mach number around the
rotating cylinder for α = 6, Re = 200,
and M∞ = 0.2.
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FIG. 19. Vorticity contours and velocity vectors for
α = 6, Re = 200, and M∞ = 0.2.

the cylinder rotation experiences the velocity reduction by
crossing the shock (see Fig. 19). Accordingly, the vortex
flow area is shrunk which was shown in Fig. 10. Therefore,
the interaction of this flow with the primary uniform stream

will be reduced compared with the incompressible flow and
consequently, the lift growth rate is decreased. From a certain
speed ratio, the normal shock wave entirely suppresses the lift
growth, so that the lift coefficient reaches an upper bound.

FIG. 20. Instantaneous streamlines in a
period of ∆τ = 29 for α = 6, Re = 200,
and M∞ = 0.2.
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FIG. 21. Mean temperature contours for α = 6, Re = 200, and M∞ = 0.2.

G. Some flow visualizations

Showing the flow characteristics such as streamlines, tem-
perature field, and velocity profiles can help us find out the flow
field events. For this purpose, some flow visualizations are pre-
sented in this section. The simulation conditions are identical
to Sec. IV F. The instantaneous streamlines past the rotating
cylinder are drawn for several times in a vortex shedding period
of ∆τ = 29 as shown in Fig. 20. At τ = 69 the vortex forma-
tion has started which grows up to τ = 72.5. After that, the
vortex leaves the cylinder surface, and finally, the one-sided
vortex shedding begins. The vortex motion toward the top of
the cylinder is also observed. Fig. 21 shows the mean temper-
ature contours normalized with the free-stream temperature. It
is seen that the mean temperature behind the normal shock has
been very low. In the following, the velocity profiles around the
rotating cylinder are investigated. For this purpose, the mean
angular component of the velocity (V̄θ ) is normalized with the
free-stream velocity and plotted against the non-dimensional
radial distance from the cylinder surface (r/D) as shown in

FIG. 22. Mean velocity profiles around the cylinder for α = 6, Re = 200, and
M∞ = 0.2.

FIG. 23. Comparison of V̄θ with respect to r/D for α = 6, Re = 200, and
M∞ = 0.2.

Figs. 22 and 23. A severe decrease in the velocity is observed
in the vicinity of the cylinder surface after the shock incidence
(135◦ ≤ θ ≤ 225◦). The maximum and minimum velocities
are obtained at r/D = 0.2, θ = 90◦ and r/D = 0.3, θ = 225◦,
respectively. Fig. 22 also illustrates the stagnation point at
θ = 270◦.

V. CONCLUSIONS

In this paper, the compressibility effects on the lami-
nar flow past a rotating cylinder were studied via a two-
dimensional numerical simulation. The results obtained from
this simulation clarified the importance of the compressibility
effect on the flow and demonstrated that disregarding this effect
could lead to non-physical results in the previous numerical
studies. The existence of a normal shock wave could severely
influence the flow field even at low free-stream Mach numbers.
Shrinkage of the vortex flows around the rotating cylinder due
to the normal shock caused the decrease in the lift growth and
consequently, for the speed ratios higher than a critical value,
the lift coefficient reached an upper bound, unlike the incom-
pressible flows behavior which was expressed in Section I. This
upper bound decreased with increasing the free-stream Mach
number. The flow compressibility had a significant impact
on the drag coefficient; as the Mach number increased, the
mean drag coefficient became higher. Suppression of the drag
coefficient growth demonstrated that the mean drag coeffi-
cients had also a bound. The compressibility was also impres-
sive on the flow pattern. By increasing the free-stream Mach
number, the flow pattern changed from the steady-state to
one-sided vortex shedding situation. The effect of Reynolds
number was also investigated. Results showed that by increas-
ing the Reynolds number at low Mach numbers, the maximum
mean lift coefficient and critical speed ratio were decreased
and the mean drag coefficient and Strouhal number were
increased. However at the higher Mach numbers, these param-
eters became independent of the Reynolds number. The nor-
mal shock generated in the flow was oscillating. An increase
in the speed ratio slightly increased the shock angle, while
increasing the Mach number did not change the mean shock
angle.
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