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Abstract: The cylindrical flow around a cylinder is present in several engineering problems. Moreover,
the flow pattern around a rotating cylinder is more complex than that around a cylinder. In this paper,
a rotating cylinder at different speed ratios is investigated by means of large-eddy simulations. In
particular, the lift coefficient CL, drag coefficient CD, lift-to-drag ratio k, Strouhal number St, the flow
field in each section, and the three-dimensional eddy structure are compared at different speed ratios.
In addition, the effects of an end disk on the aerodynamic loads and flow field of the rotating cylinder
were investigated. The results showed that, in the absence of an end disk, CL increased, CD increased
and then decreased, k increased and then decreased, and St increased and then decreased as the
speed ratio increased. The turnaround occurs for each parameter at a speed ratio of n = 2, and vortex
shedding is suppressed at this speed ratio. Notably, the tip vortex at the free end was not suppressed.
The CL, CD, and k values of the cylinder when adding the end disk were greater than those of the
normal cylinder. For example, when the speed ratio is 3, the lift coefficient is increased by 27%, the
drag coefficient is increased by 24%, and the lift-to-drag ratio is increased by 23% after adding the
end plate. In addition, the vortex structure at the free end differed substantially. This study provides
a systematic method to evaluate the aerodynamic loads and flow field changes around a cylinder,
laying the foundation for solving the problems of cylinder flow and rotating cylinder flow.

Keywords: rotating cylinder; speed ratios; large-eddy simulation; aerodynamic characteristics;
Magnus effect

1. Introduction

The change in aerodynamic loads due to cylindrical-flow bypassing is a practical
engineering problem that is widely found in aviation, navigation, offshore platforms,
and wind engineering. When fluid flows around a non-streamlined structure, vortex
shedding occurs behind the structure under certain flow conditions, and the alternating
periodic vortices induce a fluid force that varies periodically in a direction perpendicular
to the incoming flow. Unlike a stationary cylinder in a flow field, a rotating cylinder can
significantly change the structure of the flow field, thereby complicating the flow pattern. In
particular, periodic vortex shedding develops downstream of the stationary cylinder, which
is subjected to cyclically fluctuating lift forces. By contrast, the rotating cylinder vortex
shedding pattern, frequency, and cylinder lift change significantly, and the rotating cylinder
flow field differs significantly from the stationary cylinder flow-field characteristics.

In 2010, Karabelas [1] simulated a rotating cylinder at Re = 1.4 × 105 and n = 2. The
author compared the simulated flow with the experimental data reported in [2]. The results
showed that the Reynolds number slightly affects the drag coefficient, and the lift coefficient
is almost twice as high as the experimental results.

In 2011, Zhang and Bensow [3] numerically simulated a Flettner rotor at high Reynolds
numbers and showed that the lift–drag coefficient is insensitive to scale effects.

J. Mar. Sci. Eng. 2023, 11, 1162. https://doi.org/10.3390/jmse11061162 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11061162
https://doi.org/10.3390/jmse11061162
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-6933-627X
https://doi.org/10.3390/jmse11061162
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11061162?type=check_update&version=1


J. Mar. Sci. Eng. 2023, 11, 1162 2 of 18

Karabelas et al. [4] showed in 2012 that the lift–drag coefficient of a cylinder at high
rotational speeds is stable, and the Reynolds number slightly affects the lift–drag coefficient.
Moreover, Everts et al. [5] showed that the Reynolds number significantly affects the
lift–drag coefficient. Their study also indicated that an increase in the Reynolds number
increases the lift coefficient and decreases the drag coefficient.

Simultaneously, Graft et al. [6] studied the aerodynamic loading of a Flettner rotor at
three Reynolds numbers and showed that the Reynolds number slightly affected the lift
coefficient, regardless of the presence or absence of the end disk. Meanwhile, Li et al. [7],
compared with Badalamenti [8], found that the lift coefficient increased with the Reynolds
number when the speed ratio was less than three.” In this case, the result found by Li et al.
contrasts with that of Badalamenti.

In 2014, De Marco et al. [9] reported Flettner rotor lift and drag coefficients larger than
the experimental and numerical simulation results obtained by Reid [10] and Thom [11].

Rao [12], and Martin-Alcantara [13] have studied the flow field of a rotating cylinder
analytically. The results obtained by Rao A showed that the flow transition in the wake
occurs at a higher Reynolds number at higher rotational speeds. The results obtained by
Martin-Alcantara showed that at higher rotational speeds, a positive vorticity layer with
the same tangential velocity as the incoming flow direction caused inhibition of vortex
shedding.

Kussaiynov [14] studied the effect of porosity on the aerodynamic characteristics
of rotating cylinders and found that the larger the porosity, the larger the lift and drag
coefficient.

In 2016, Benit et al. [15] conducted a series of simultaneous experimental and numerical
simulations of finite-length cylinders with various length-to-diameter ratios. The study
results showed that the drag coefficient for a finite-length cylindrical flow around a finite-
length cylinder was smaller than that for an infinite-length cylinder. Moreover, the results
indicated that the drag coefficient decreased most significantly at a length-to-diameter ratio
of 2. In addition, at AR < 3 (aspect ratio), the downwash flow completely suppressed the
Karmen vortex owing to the free-end effect.

In 2017, Zheng [16] et al. performed numerical simulations of a rotating cylinder using
a k-ω turbulence model. The results showed that the lift force always remains positive at a
subcritical Reynolds number, but with an increasing Reynolds number, there is a loss of lift
force and negative lift force.

In 2018, Copuroglu and Pesman [17] used a real-size Flettner rotor in their simulations
and determined that the auxiliary thrust of the Flettner rotor decreased during cross-swing.

In 2019, Yazdi et al. [18] investigated flow characteristics within a rotating cylinder
using experimental and numerical methods. As the rotational speed ratio increased, the
symmetry of the flow broke. In addition, the locations of the stagnation and separation
points changed with increasing speed ratio, and the drag coefficient decreased.

In 2021, Jiang and Cheng [19] obtained a significant reduction in the root mean square
lift coefficient for Re = 270–1500 and explained the cause of this phenomenon.

In 2021, Xu et al. [20] analyzed the flow field characteristics of the rotating cylindrical
bypass flow with Re = 20,000–90,000. The results showed that the upward shift of the
vortex position below the rear side of the cylinder has a significant effect on the cylindrical
lift. Under the conditions of high Reynolds number and low rotational speed, the change of
the vortex position under the rear side of the rotating cylinder has an important influence
on the lift of the rotating cylinder and the change in the free shear layer in the wake region.

In 2022, the Reynolds number effect on the rotating cylinder was investigated by Ma
et al. [21]. The results of the study showed that the lateral force of a rotating cylinder in
the subcritical region is mainly reflected by the Magnus effect. In the critical region, the
rotation of the cylinder induces the fluid to form a reattachment phenomenon on the side of
the tangential velocity opposite to the wind speed, forming a lift force pointing to that side.
As the rotational speed increases, the lift force does not change significantly. In addition,
the Reynolds number effect is influenced by the rotational speed. As the rotational speed



J. Mar. Sci. Eng. 2023, 11, 1162 3 of 18

increases, the Reynolds number where drag loss occurs becomes smaller and the Reynolds
number range where reattachment occurs becomes larger.

Tang et al. [22] (2022) investigated rotating cylinders in different flow states. The
results of the study revealed five wake structure morphologies in both the laminar and
turbulent flow states. The lift coefficient increases with increasing speed ratio, the drag
coefficient increases and then decreases, and the Strohal number decreases with increasing
speed ratio.

In summary, the current cylindrical problems are mostly focused on the scale effect
of cylindrical flow around a cylinder. Many studies have been conducted only on two-
dimensional plane problems. There are few studies on the aerodynamic properties of
rotating cylinders in three dimensions. The existing studies do not provide a comprehen-
sive analysis of the aerodynamic load and flow field characteristics of three-dimensional
rotating cylindrical aerodynamic properties. In this paper, based on the existing studies,
a comprehensive study of a three-dimensional rotating cylinder was conducted using
STAR-CCM+, including lift coefficient, drag coefficient, lift–drag ratio, velocity distribution
at each position, return zone length, plane vortex structure, and three-dimensional vortex
structure. In addition, the end plate is added to the top of the common cylinder. The
aerodynamic characteristics of the cylinder after the addition of the end plate are compared
with those of the cylinder without the end plate. This study lays the foundation for the
engineering application problem of the rotating cylinder.

2. Numerical Models and Methods
2.1. Description of the LES Method

In this study, the numerical simulations were based on large-eddy simulation (LES).
The incompressible flow satisfies the Navier–Stokes (N-S) system of equations, as follows:

∂ui
∂xi

= 0, (1)

∂(ρui)

∂t
+

∂
(
ρuiuj

)
∂xj

= − ∂p
∂xi

+
∂

∂xj

[
µ

∂ui
∂xj
− ρui

′uj
′

]
+ ρgi, (2)

where t is the time, ρ is the fluid density, µ is the pressure, ui is the velocity component, gi
is the gravitational force per unit mass, and ρui

′uj
′ represents the average Reynolds stress.

In the LES [23] method, the kinetic equations for large eddies are obtained by effectively
filtering out eddies smaller than the filter size or calculating the grid size by the action of
the filter function. In particular, the method separates large vortices from small ones. The
variables of the filter are defined by the following equation:

∅(x) =
∫

D
∅
(
x′
)
G
(
x, x′

)
dx′, (3)

where D is the flow region, x′ is the spatial coordinate in the actual flow region, and x is the
spatial coordinate on the filtered large-scale space. G(x, x′) is the filter function, and dx′

denotes the volume element.
Definition of the fluctuation of the variable ∅:

∅′ = ∅−∅, (4)

where the fluctuation of the variable is not 0, ∅′ 6= 0.
The spatial domain can be discretized to obtain a finite control volume:

∅(x) =
1
V

∫
V
∅
(
x′
)
dx′, x ∈ V, (5)

where V is the control volume.
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The filter function G(x, x′) is as follows:

G
(
x, x′

)
=

{
1/V , x ∈ V
0, otherwise

, (6)

The N-S equation can be filtered to obtain the following equation:
∂ui
∂xi

= 0
∂ui
∂t +

∂uiuj
∂xj

= υ ∂2ui
∂xj∂xj

− 1
ρ

∂ρ
∂xj
− ∂τij

∂xi

, (7)

where τij is the subgrid stress tensor, including the effect of small vortices. This tensor can
be defined as follows:

τij = uiuj − uiuj, (8)

where the sublattice stress using the Smagorinsky model can be expressed as follows:

τij −
1
3

δijτkk = −2νLES
t sij, (9)

where νLES
t is the sublattice vortex viscosity coefficient, and sij = 0.5

(
∂ui/∂xj + ∂uj/∂xi

)
is

the strain rate of the filtered velocity field. Considering the dimensional analysis, the eddy
viscosity coefficient νLES

t can be expressed as follows:

νLES
t = (Cs∆)2

∣∣∣S̃∣∣∣, (10)

where
∣∣∣S̃∣∣∣ = (2S̃ijS̃ij

) 1
2 . The constant Cs = 0.2, and ∆ is the filtering scale.

2.2. Definition of Relevant Evaluation Variables

(1) Lift coefficient:

CL =
FL

1
2 ρu2

0LD
, (11)

where CL is the lift coefficient, FL is the lift force, ρ is the air density, u0 is the incoming flow
velocity, L is the cylinder length, and D is the cylinder diameter.

(2) Drag coefficient:

CD =
FD

1
2 ρu2

0LD
, (12)

where CD is the resistance coefficient, and FD is the resistance.
(3) Pressure coefficient:

Cp =
p− p0

1
2 ρu2

0
, (13)

where p denotes the static pressure at the measurement point (Pa), p0 is the reference
pressure (Pa), and u0 is the incoming flow velocity (m/s).

(4) Length of the recirculation area:

Lr =
r
D

, (14)

where r is the length of the recirculation area (m).
(5) Lift–drag ratio k:

k =
CL
CD

, (15)

(6) Speed ratio n:

n =
u0

us
, (16)
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where us is the tangential velocity of rotating cylinder (m/s).
(7) Dimensionless time step size

∆t′ =
tu0

D
, (17)

where t is the time step(s).

3. Numerical Simulation Method Validation and Computational Grid Division

The accuracy of the numerical simulation of the aerodynamic performance of the
cylinder and cylinder with end disk obtained through large-eddy simulations must be
verified. In this regard, the results from the finite-length cylinder disturbance published in
the literature were considered to verify the numerical simulation method.

In the numerical simulation, the diameter of the cylinder was 0.65 m, and the length-
to-diameter ratio was 1.5. The dimensions of the computational domain and boundary
conditions are shown in Figure 1. As shown in the figure, the domain length, width, and
height are 27D, 13D, and 2H, respectively. The boundary conditions at the inlet, sides,
and top of the domain were set as the velocity inlet, outlet to the pressure outlet, and the
bottom surface to the symmetry plane. The time step was obtained from [24], and the
dimensionless time step was 0.0005. In the process of meshing, the Y+ value is 0.7, the
number of boundary layers is 16, the mesh thickness extension is 1.2, the mesh plus thin
ratio is 1.1, and the total number of cells is 3,244,056.
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Figure 1. Calculation of domain dimensions and boundary conditions.

Table 1 lists the results of the drag coefficients with the Strouhal numbers for the
experimental results and those obtained in this study. Figure 2a compares the mean flow
velocity distribution in the centerline of the Z = h/2 cross-section. Figure 2b shows a
comparison of the Z = h/2 circumferential pressure coefficients. The comparison indicates
that the numerical simulation results were in good agreement with those in the literature;
thus, the calculations were highly accurate.

Table 1. Comparison of the calculation results.

Re CD St

Research [25] 3900 0.782 0.11
Exp3 [12] 2900 0.77

Results of this study 3900 0.765 0.12
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Figure 2. (a) Z = h/2 interface flow velocity distribution and the experiments [17]; (b) Z = h/2
circumferential pressure coefficient distribution and the experiments.

This article uses STAR-CCM+ for grid partitioning and numerical calculations, using
a large-eddy simulation model. The numerical simulation was performed with a cylinder
diameter of 0.096 m, an end-disk diameter of 2D, an end-disk thickness of 1/10D, and a
cylinder height of 5D. The computational domain is shown in Figure 3. The boundary
conditions were carefully defined to satisfy the physical results. Moreover, the inlet, upper,
and both sides of the computational domain were set to the velocity inlet. The outlet was
set to the pressure outlet, the bottom boundary and bottom surface of the cylinder were
set to the symmetry plane, and the rest of the cylinder was set to the wall surface. The
boundary conditions of the cylinder with an end disk were identical to those of the cylinder.
The incoming flow speed was set to 0.5 m/s.
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Figure 3. Cylinder calculation domain dimensions and boundary conditions.

The calculation time step was determined based on the mesh feature size and rotational
speed. For the periodic flow, the value of 500 data points per cycle was more accurate. The
final dimensionless time step for the static cylinder disturbance was set to 0.008, which
satisfied the condition CFL < 1 (Courant number). Additionally, the dimensionless time
step was increased or decreased by 0.002 to test the change in the mean drag coefficient.
The number of cells used for the calculation is 5.79× 106. As shown in Table 2, the variation
value of the resistance coefficient with the time step is less than 0.6%, and the sensitivity of
the resistance coefficient is relatively small within this dimensionless time step range. By
combining the above conditions, the dimensionless time step was set to 0.008. The time step
for the rotating cylinder was set as in the literature: CFL < 0.5 to satisfy the time required
to rotate the cylinder by 1◦ [26] with 500 data points per cycle. The time step was the same
as that of the normal cylinder in the calculation of the cylinder with an end disk.
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Table 2. Sensitivity of the resistance coefficient to time step.

Dimensionless Time Step ∆t’ CD

0.006 0.815364

0.008 0.820818

0.01 0.818724

In the analysis of the mesh uncertainty, the mesh refinement ratio is set to 1.1, the Y+
is 0.7, the number of boundary layers is 16, and the thickness elongation of the boundary
layer is 1.2. Based on the same mesh topology, the number of cells is changed by adjusting
the basic parameters of the non-boundary layer meshes. The number of cells is shown in
Table 3. The drag coefficient calculations for n = 1 were performed based on mesh 1, mesh
2, and mesh 3. The obtained data are given in Table 3.

Table 3. Mesh parameters and calculation results.

Mesh Number Number of Cells Lift Coefficient CL Drag Coefficient CD

1 3.26 × 106 1.556 0.734
2 4.35 × 106 1.577 0.749
3 5.79 × 106 1.576 0.752
4 7.70 × 106 1.573 0.755
5 10.2 × 106 1.575 0.753

The numerical uncertainty USN includes the following types of computational errors:
iterations (UI), mesh size (UIUG), time step size (UIUT), and others (UIUO). The expression
for numerical uncertainty is:

U2
5N = U2

I + U2
G + U2

T + U2
0 , (18)

The uncertainty study of the mesh is performed by keeping the time step and other
parameters unchanged. In this case, Equation (18) can be expressed as:

U2
5N = U2

I + U2
G, (19)

Table 4 shows the data for the mesh number uncertainty validation. The mesh un-
certainty analysis refers to the relevant guidelines and recommendations for numerical
uncertainty studies in ITTC 75-03-01-01, 2021. It can be seen that the mesh convergence
rate RG < 1. This indicates that the mesh topological form converges well.

Table 4. Mesh number uncertainty verification data sheet.

RG UG (CD%)

Drag coefficient CD 0.2 3.492

Half of the difference between the maximum and minimum values at the moment of
convergence of the drag is the uncertainty UI of the number of iterations. The uncertainty
of total drag iteration number UI = 0.04. This is a small amount compared to the mesh
size uncertainty UG in Table 4. Therefore, the mesh uncertainty study in this paper only
considers the effect of the mesh size.

The final calculated numerical uncertainty USN of the total ship resistance is 3.492% CD.
This indicates that this grid topology form converges well, and subsequent model-scale
resistance calculations will be performed based on grid 2. Figure 4 shows the detailed
grid division. An unstructured hexahedral mesh is used for the overlapping regions. The
boundary layer of the cylinder is divided using a prismatic layer mesh.
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Figure 4. Mesh division.

Furthermore, a speed ratio of n = 0–5 (interval of 0.5) was selected. A schematic of the
cylinder rotation is shown in Figure 5. The counterclockwise rotation of the cylinder was
assumed as the positive direction; U is inflow velocity, and ω is angular velocity.
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Figure 5. Schematic diagram of the cylinder rotation.

4. Analysis of the Numerical Results

Figure 6a shows a comparison of the lift coefficients with and without the end disk.
Figure 6b shows a comparison of the drag coefficients with and without the end disk. The
general trend of the cylinder lift coefficient is shown in Figure 6a; the coefficient increases
gradually with an increasing speed ratio. At n ≤ 2, the lift coefficient is strongly affected
by the speed ratio; at n > 2.5, the lift coefficient is less affected by the speed ratio. At n = 5,
the lift coefficient does not reach the Prandtl limit. Note that the increase in the end disk
significantly increases the lift coefficient and lift coefficient growth rate. Figure 6b shows
that the cylinder drag coefficient curve first decreases and then increases. The decrease in
drag coefficient at n ≤ 1.5 might be due to the recirculation zone at the rear of the cylinder.
Moreover, the effect of the end disk on the drag coefficient was not significant, and the
drag coefficients for cylinders with increased end disks were slightly greater than those for
cylinders without end disks at smaller and larger speed ratios. The variation pattern of the
drag coefficient when the speed ratio is less than 2 is the same as the pattern of Swanson’s
experimental value [27].
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Figure 6. (a) Comparison of lift coefficients with and without the end disk; (b) comparison of lift
coefficients with and without end disk.

The lift–drag ratio is a direct indication of the relative magnitudes of CL and CD.
Figure 7 shows a comparison of the k values for a cylinder with and without the end disk.
The graph shows that the value of k increases with n for n < 2 and decreases with n for
n > 2. Note that at n > 2, the lift-to-resistance ratio of a cylinder with an end disk is greater
than that of a cylinder without an end disk. In the critical zone, the lift-to-resistance ratio of
the cylinder peaks at a speed ratio of approximately 2 when the aerodynamic efficiency is
at its best.
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Figure 7. Comparison of lift-to-resistance ratios with and without the end disk at different speed
ratios.

Figure 8 shows a comparison of the St values of the cylinder with and without the end
disk. The vortex shedding frequency increases with increasing speed ratio at 0 < n < 1.5,
as shown in the figure. A similar pattern phenomenon was also found by Chew et al. [28]
and Lam and Lam [29]. As the speed ratio increased, the St value decreased significantly at
speed ratios n > 2, indicating that vortex shedding was suppressed at this time. The vortex
shedding frequency and St number decreased sharply at 2 < n < 5, and the variation pattern
became less evident. Moreover, in the range 2 < n < 5, the effect of the end disk was minor.
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Figure 8. Comparison of St numbers with and without the end disk at different speed ratios.

Figure 9a shows the velocity distribution along the centerline of the cylinder in the
Z = h/2 section. Moreover, Figure 9b shows a comparison of the return-flow zone length
with and without the end disk. The figure indicates that at speed ratios 0 ≤ n ≤ 2, a
negative velocity zone called the recirculation zone appears in the near wake of the cylinder.
The length of the recirculation zone decreases as the speed ratio increases. At n = 2, the
recirculation zone disappears completely. The length of the recirculation zone decreased
when adding the end disk, and the zone disappeared at n = 1.5. The addition of the end
disk eliminates the recirculation zone.
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Figure 9. (a) Velocity distribution along the centerline of the cylinder Z = h/2 section; (b) comparison
of the length of the recirculation zone with and without end disk.

Figure 10 shows a comparison of the streamwise velocity distribution with and without
the end disk Z = h/2 section at 0.58D, 1.06D, 1.54D, and 2.02D from the x-axis (owing to the
same phenomenon, only n = 0, 1, 2, and 5 were selected for the study in this figure). Note
that at n = 0, a significant decrease in the mean streamwise velocity inside the recirculation
zone occurs. This was caused by the obstructive effect of the cylinder on the flow field.
The flow velocity profile Ui at X/D = 0.58 in the wakefield shows a “U” shape with the
y-coordinate. Furthermore, the flow develops into a “V” shape downstream as the distance
increases. As the rotation of the cylinder changed the form of the velocity distribution,
it reached a steady state when n = 2 at each position. At 2 ≤ n ≤ 5, the flow velocity
distribution does not change and is symmetrical about a line parallel to the x-axis. The end
disk does not significantly affect the streamwise velocity distribution.
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Figure 10. Distribution of the cylinder streamwise velocities at n = 0, 1, 2, and 5 for X/D = 0.58D, 

1.06D, 1.54D, and 2.02D; (a–d) are unterminated plates and (e–h) are terminated plates. 

Figure 11 shows a comparison of the flow velocities with and without the end disk 

Z = h/2 section at 0.58D, 1.06D, 1.54D, and 2.02D from the x-axis (owing to the same 

phenomenon, only n = 0, 1, 1.5, 2, and 5 were selected for this study). The graph shows 

Figure 10. Distribution of the cylinder streamwise velocities at n = 0, 1, 2, and 5 for X/D = 0.58D,
1.06D, 1.54D, and 2.02D; (a–d) are unterminated plates and (e–h) are terminated plates.

Figure 11 shows a comparison of the flow velocities with and without the end disk
Z = h/2 section at 0.58D, 1.06D, 1.54D, and 2.02D from the x-axis (owing to the same
phenomenon, only n = 0, 1, 1.5, 2, and 5 were selected for this study). The graph shows that
at n = 0, the lateral velocity distribution exhibits an antisymmetric form. The distribution
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of the crosswise velocities varies as the cylinder rotates, with the distribution of crosswise
velocities becoming disturbed at 0 < n < 2 and stable at n = 2, with an inverted “V” shape.
At higher speed ratios, the crosswise velocity distribution of the cylinder did not change.
The increase in the end disk shifts forward the stabilization period of the crosswise velocity
distribution, already stabilized at n = 1.5.
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Figure 11. Distribution of cylinder crosswise velocities at X/D = 0.58 D, 1.06 D, 1.54 D, and 2.02 D for
n = 0, 1, 1.5, 2, and 5; (a–e) are without the end disk and (f–j) are with the end disk.

Figure 12 shows a comparison of the vortex distribution with and without the end
plate Z = h/2 cross section (owing to the same phenomena, only n = 0, 1, and 2 were
selected for the study in this figure). The results show that the LES is more finely resolved
for small-scale vortices with a turbulent structure behind the cylinder. At n = 0, the vortex
shedding on both sides of the cylinder is symmetrical, and the turbulent structure behind
it is complex. As the cylinder rotated, the shear layer and rear vortex structure began to
move toward the rotation. At n ≥ 2, the rear vortex shedding is constrained, and the wake
region width decreases as the speed ratio increases.
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Figure 13 shows a comparison of the vortex distribution with and without the end
plate at section y = 0 (owing to the same phenomena, only n = 0, 1, 1.5, 2, and 5 were
selected for this study). At n = 0, the incoming stream passed through the front end of the
cylinder, creating a vortex structure that curled upward. The vortex structure then develops
downwards at the back end, and the back of the cylinder generates a large and complex
vortex downstream, forming a downwash vortex and complex flow at the back end of the
free end of the cylinder. At n = 1.5, the tip vortices start appearing behind the cylinder, and
at n > 2, the vortex structure downstream of the cylinder has mostly disappeared. Moreover,
only the tip vortices falling off at the free end of the cylinder develop downstream. As the
speed ratio increased, the vortex structure formed at the free end became more intense and
complex when the distribution of the tip vortices was approximately below the horizontal
position of the free end. The diagram shows a small vortex structure along the spreading
direction of the cylindrical wall at n = 2. As the speed ratio increased, the fine vortex
structure on the cylindrical wall surface became more evident. The addition of the end
disk revealed that the rear vortex structure was not as violent as that of the cylinder, with
the fluid swirling at the leading edge of the endplate. The fluid that did not swirl back
continues to flow forward. After leaving the end disk, the fluid splits into two parts: one
part flows toward the surface of the cylinder, forming a tip vortex, and the other part
develops backward in a trajectory that is no longer straight but rather biased downwards.
At n = 1.5, the free end of the cylinder with the end disk did not produce tip vortices, as in
a normal cylinder. At n = 2, tip vortices appear. Finally, at n ≥ 2, the vortex shedding from
the cylinder is suppressed. However, the tip vortex is still generated and intensifies with
an increasing speed ratio.
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Figure 14 presents a comparison of the three-dimensional vortex structure with and
without the end disk. At n = 0, the flow field of the cylinder is confined to a small area
with alternating vortex shedding at the rear of the cylinder. The vortex cross-section in
the side view of the cylinder was approximately “triangular”, with the vortex structure
developing downwards at the cylindrical wake to form a downwash vortex. At n = 1,
the vortex cross-section in the side view of the cylinder becomes “rectangular”. The tip
vortex started at the free end of the cylinder and developed downstream. As the speed
ratio increased, the downwash vortex became less evident, and the vortex structure shifted
toward the cylinder rotation. As the speed ratio increases at n ≥ 2, the vortex shedding
behind the cylinder is suppressed; however, the tip vortex formed at the free end does not
disappear, and various small broken vortex structures are formed behind the cylinder. The
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addition of the end disk revealed that, at n = 0, two parallel vortex structures similar to the
horseshoe vortex were formed at the end disk. At n = 1, the parallel vortex structures at the
end plates began to intersect, and the effect of the free-end downwash vortex on the vortex
structure in the middle of the cylinder decreased. The overall vortex structure was similar
to that of an infinitely long cylinder.
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5. Conclusions

This study evaluated the aerodynamic characteristics (aerodynamic loads and flow
field characteristics) of a three-dimensional rotating cylinder using a large-eddy simulation
method. The effect of the end plates on the aerodynamic characteristics of the cylinder was
investigated, and the following conclusions were drawn:

1. The cylinder lift coefficient increases with the speed ratio; however, at n = 5, the
CL value does not reach the Prandtl limit. The speed ratio strongly affected the lift
coefficient when the speed was low (n < 2). At higher speed ratios (n > 2), the lift
coefficient was less affected by the speed ratio. The maximum effect of the end plates
on the lift coefficient was approximately 28%. For example, when the speed ratio is 3,
the lift coefficient is increased by 27%, the drag coefficient is increased by 24%, and
the lift-to-drag ratio is increased by 23% after adding the end plate. The growth rate
of the lift coefficient was higher for a cylinder with an end disk than that without an
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end disk. The drag coefficient of the cylinder decreased and then increased as the
speed ratio varied. The drag coefficient with the addition of an end disk was slightly
greater than that of a cylinder without an end disk. The lift-to-resistance ratio of the
cylinder increased and then decreased as the speed ratio changed. In particular, the
lift-to-resistance ratio of the cylinder with an end disk was significantly higher than
that of the cylinder without an end disk. The lift-to-resistance ratio of both cylinders
reached its maximum at a speed ratio of n = 2. Thus, in engineering applications,
the aerodynamic performance of a cylinder is significantly improved by adding end
plates, and the theoretically optimal speed ratio is n = 2.

2. A recirculation zone existed at the rear of the cylinder. The length of the recirculation
zone decreases as the speed ratio increases. At n = 2, the cylindrical recirculation
zone disappeared completely. The presence of an end disk reduced the length of the
recirculation zone and caused the zone to disappear when the end disk was added. At
n = 1.5, the recirculation zone with the cylindrical endplate completely disappeared.

3. The mean streamwise velocity develops from a “U” shape to a “V” shape as the flow
field develops at n = 0. As the speed ratio increases (n = 2), the velocity distribution
stabilizes in an “antisymmetric” form. Moreover, the average crosswise velocity
distribution stabilizes at n = 2, with an inverted “V” shape. With the addition of
the end disk, the crosswise velocity distribution stabilization period occurred earlier,
reaching stability at n = 1.5.

4. Considering the three-dimensional vortex structure, the vortex shedding was sup-
pressed at higher speed ratios (n > 2) for the cylinder. However, the tip vortex
shedding continued. The end disk has a slight hindering effect on the development of
the downwash vortex and a strong influence on the tip vortex development. The tip
vortex shedding of the cylinder was slightly downwashed. However, the tip vortex of
the cylinder with the end plates changed from the initial “horseshoe vortex” on both
sides of the parallel end plates to a vortex structure with crossed sides as the speed
ratio changed.
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