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Featured Application: The numerical approach in this article can provide abundant information
about the transient flow of the fluid shape changes with boundary motion and may offer the
control scheme for the transient flow behind an instantaneously started circular cylinder.

Abstract: The finite volume method, based on the dynamic mesh method, is used to investigate the
transient viscous incompressible flow around an impulsively and translationally started cylinder with
strips. The strips of different shapes are installed at different locations on the surface of the cylinder.
The main purpose of this paper is to investigate the influence of the locations and shapes of strips
on the flow caused by boundary motion. The present solutions agree well with the experimental
results reported in literature. Six placement angles of strips were selected: 0◦, 20◦, 60◦, 90◦, 120◦

and 150◦. The development of wake shows some new phenomena with different strip locations,
and the significant difference appears at α = 90◦. The vortex intensity is much larger than that of
other locations. On the other hand, four shapes of strips were selected: arc, triangle, rectangle and
trapezoid. The rectangular strips had the greatest influence on the drag coefficient and the maximum
of the drag coefficient increased from 0.4 to 2.8, compared with the smooth cylinder. The maximum
of negative velocity had the most significant change when the shape of strip is arc, increasing by 34%
compared with the smooth cylinder, at T = 3.

Keywords: dynamic mesh method; finite volume method; transient flow; cylinder with strips; CFD
(Computational Fluid Dynamics)

1. Introduction

Transient flow around a bluff body is a typical flow state in nature and engineering applications
such as the launch of a torpedo, the take-off and landing of an aircraft, and the start-up and shutdown
of pumps in nuclear reactors [1]. This paper focuses on the transient flow that is caused by sudden
changes of movement on boundaries during an instantaneous start-up of a cylinder. Although the
structure of the cylinder is simple, the flow phenomenon is complex, especially in the case of high
Reynolds number. It involves a series of events, such as the disturbance of the boundary layer,
the development of the vortex and the unsteady characteristics of the recirculation zone evolution with
time. Over the past few decades, the research of transient flow caused by an instantaneously started
cylinder has attracted intensive research interests. It is of great significance for solving the engineering
problems that the fluid shape changes with time, due to boundary motion.

Vortex shedding is known to cause an unsteady pulsating pressure on a cylinder, causing vibration
and fatigue damage [2]. Studies have found that cross-sectional shape, surface roughness and proximity
to other bodies are factors that affect the transient flow of incompressible viscous fluid around a bluff
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body [3–5]. The cross-section shapes of cylinders affect the flow around it. The separation of the
boundary layer and the formation and shedding of wake vortex of flow around rectangular cylinders
are more distinct than around circular cylinders [6–10]. Attachment on the surface of the cylinder
also affects the flow around it [11,12]. In the case of multiple cylinders, the flow of one cylinder may
cause an excitation of the other cylinder, causing disturbances to the flow between each other [13–18].
These investigations have shown the fact that attachments or proximity to other bodies can affect the
development of the wake.

In the past few decades, many passive control measures have been proposed to eliminate the
vortex-induced vibration [19–21]. One common passive control method is to affect the generation
and development of vortices by changing the roughing of the bluff body uniformly [22–28]. In recent
years, vortex-induced vibrations have been enhanced to collect and utilize energy from the ocean [29].
The Marine Renewable Energy Laboratory (MRELab) has developed a device called VIVACE (Vortex
Induced Vibration for Aquatic Clean Energy) at the University of Michigan [30–34]. This device
converts kinetic energy in the water into electrical energy by the vortex-induced vibration of the
cylinder [35,36]. Many investigations have found that selectively increasing surface roughness can
enhance vortex-induced vibrations, compared to the uniform increase in surface roughness, such as
the placement of strips of different shapes at different locations on the surface of the cylinder [37–41].

The cause of transient flow in most of the above studies is that the bluff body is immersed in
the flowing fluid rather than the boundary motion. Different forms of boundary motion can affect
the separation of the boundary layer, the formation and shedding of vortices, and the evolution
of the flow in the recirculation zone [42,43]. Therefore, investigating the transient flow caused by
boundary motion is of great significance for many engineering applications. In the past few decades,
many researchers have studied the transient flow caused by an impulsively started cylinder [44–50].
However, most studies have only proposed different calculation methods for transient flows caused
by boundary motions, and few studies have been conducted on control measures for transient flows
caused by boundary motions.

In this present work, the finite volume method based on the dynamic mesh method is used to
investigate the effects of the locations and shapes of strips on the wake behind an instantaneously
started cylinder in the transient flow. The dynamic mesh method is superior in dealing with the
problem that the shape of the fluid changes due to the boundary motion compared with the Euler
method, and it has been successfully applied in aerodynamic fields such as the movement of wing.
The validity and accuracy of the present method were verified by the experiment results reported in the
open literature. The effects of localized surface roughness on the flow wake and pressure distribution
on the surface of the cylinder are discussed in detail.

2. Problem Descriptions

As shown in Figure 1a, a solid cylinder of diameter D (D = 50 mm) moving upward in a tank
filled with water is considered in this paper. In order to reduce the effects of the wall of the tank and
free liquid surface, the cylinder is supposed to move from the middle of the tank, and the tank is
sufficiently large (1000 mm × 460 mm). The starting is almost instantaneous, and then it continues to
move up to non-dimensional time, T (T = tV/D), at a uniform speed, V. The velocity of the cylinder,
VA, and the moving boundary, VB, can be written as follows:

VA = VB =

at t ≤ t∗

V t > t∗
(1)

where a is the uniform acceleration of the cylinder, and t* is the time of acceleration. Figure 1b shows
the specific distribution of a pair of strips on the surface of the cylinder. The arrangement angle of
a strip (α) is defined as the angle from the vertical line to the leading edge of the strip. The coverage
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angle of each strip (β) is fixed at 15◦. The symbol δ denotes the thickness of each strip. Figure 1c shows
the arc strips, rectangular strips, trapezoidal strips and triangular strips, respectively.

Figure 1. Schematic diagram of the structure of the cylinder with two symmetric strips: (a) physical
model; (b) the specific distribution of a pair of strips; and (c) strips of different shapes.

3. Theoretical Formulation and Numerical Modeling

3.1. Governing Equations

The governing equation of unsteady incompressible viscous flow on an arbitrary control volume,
U, for a moving boundary, A, can be written as follows:

d
dt

∫
U

QdU +

∫
A

FdA =

∫
A

DdA +

∫
U

SdU (2)
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where U is the control volume in space that varies in size and shape with time. Moreover, dU is
the moving boundary of the control volume. The conserved variables (Q), the convective fluxes (F),
the diffusion fluxes (D) and the source term (S) are given by the following:

Q =


1
ρ
ρu

, F =


−ub

ρ(u− ub)

ρu(u− ub)

, D =


0
0

µ∇2u

, S =


0
0
−∇p

 (3)

where u is the velocity of the fluid, ub is the velocity of the moving mesh, ρ is the density of the fluid,
µ is the dynamic viscosity of the fluid and p is the pressure of the fluid.

3.2. Numerical Method

The detailed solution of the governing equations can be found in the study of Demirdžić and
Perić [51]. For two-dimensional incompressible flow, only the momentum equations in one direction
are considered. The time derivative term in the governing equation is given by the following equation:

d
dt

∫
v

ρudU =
(ρuU)n+1

− (ρuU)n

∆t
(4)

where the superscripts n and n + 1 represent the current time step and the next time step, respectively.
The control volume, Un+1, for the time step of n + 1 is given by Equation (5):

Un+1 = Un +
dU
dt

∆t (5)

where dU
dt is the derivative of the control volume. In order to satisfy the conservation law of the mesh,

the derivative can be given by Equation (6):

dU
dt

=

∫
∂V

ubdA =

n f∑
j

ub, j ·A j (6)

where n f is the number of surfaces on the control volume, and A j is the area vector of j. The dot
product ub, j ·A j of the surface of each control volume can be given by Equation (7):

ub, j ·A j =
δU j

∆t
(7)

where δU j is the volume that the surface, j, on the control volume sweeps out in time with a step
of ∆t. The commercial software ANSYS FLUENT was used to perform the numerical analysis in
this paper. For the other terms in Equation (2), the second order upwind scheme [52] is used for the
convective fluxes, and the central difference scheme with second order accurate is applied for the
diffusion fluxes. The source term is discretized by the SIMPLE algorithm [53] to describe the coupling
of pressure and velocity. Moreover, the Large Eddy Simulation method was adopted as the numerical
simulation method for turbulent flow. Subgrid-scale stress is modeled by the Dynamic SGS Model.
A suitable amount of dissipation is given by the SGS model due to its main role for turbulent wave
dissipation. There is no additional dissipation for the central difference format, so it is well suited for
LES to discretize the diffusion flux. The main reason for 2D LES was chosen in this paper instead of
3D LES is that the large computing resources were required in 3D simulation [54–56]. Many other
researchers [55,57–59] have also conducted many studies based on 2D LES, and the accuracy of 2D LES
had also been reported in the literature.
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3.3. Dynamic Mesh Algorithm

The main idea of the dynamic mesh method is to simplify each grid edge into a spring with certain
stiffness. The entire computational domain is discrete into a system consisting of a finite number of
springs. Boundary motion is equivalent to applying a displacement-dependent force to the system.
The force of the spring can be expressed as follows:

→

Fi =

ni∑
j

ki j(∆
→
x j − ∆

→
xi) (8)

where ni is the number of grid edges connected to node i; ∆
→
xi and ∆

→
x j are the displacements of the

nodes i and j; and kij is the stiffness of the spring connecting the nodes i and j. The stiffness can be
given by Equation (9):

ki j =
1√∣∣∣∣→xi −
→
x j

∣∣∣∣ (9)

where
→
xi and

→
x j are the coordinates of the nodes i and j. They can be given by Equation (10):

→
xi

n+1
=
→
xi

n
+ ∆

→
xi

m,c
(10)

where the superscripts n and n + 1 represent the current time step and the next time step, respectively.

∆
→
xi

m,c
is the displacement increment of node i when the iteration is convergent. It can be calculated as

follows:

∆
→
xi

m+1
=

∑ni
j ki j∆

→
x j

m

∑ni
j ki j

(11)

3.4. Computational Mesh

As shown in Figure 2, in order to reduce the calculation errors near the wall, the whole
computational zone is divided into two parts: the dynamic mesh zone and the accompanying
moving zone. The energy transfer between the two zones is achieved by the interpolation method.
The accompanying moving zone is discretized with the structured grid, which is of a size small enough
to meet the requirement of y+

≈ 1. The boundary layer moves together with the instantaneously
started cylinder. In order to adapt the complex boundary conditions, the dynamic mesh zone is
discretized with unstructured grid. The local remeshing method is used to get over the problems
of poor grid quality. It is done by deleting the nodes that are near the boundary, or inserting new
nodes to form new grids. Different initial grid numbers and different time steps are selected for
the independent verification calculation. The lift and drag coefficients of the smooth cylinder with
a started speed of 1.1 m/s, calculated with different numbers of initial grids and different time steps,
are shown in Tables 1 and 2. The relative errors in the brackets are calculated by using the results
from the previous set as reference values. As can be seen from Table 1, when the number of initial
grids is 60711, the relative errors of the drag coefficient and the lift coefficient are 0.52% and 1.16%,
respectively. It is seen from Table 2 that the errors become relatively stable as the iteration time step
reduces to 0.0001 s. In consideration of CPU time consumption, the number of grids is chosen to be
60,711, and iterative calculations are performed in time steps of 0.0001 s. The lift and drag coefficients
are defined as follows:

∆CD =
2 fD
ρV2D

(12)

CL =
2 fL
ρV2D

(13)
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where fD is the drag force acting on the surface of the cylinder, fL is the lift force acting on the surface
of the cylinder, V is the velocity of the cylinder and D is the diameter of the cylinder.

Figure 2. Sketch of the computational domain (I is the dynamic mesh zone; II is the accompanying
moving zone): (a) the whole computational zone; (b) the mesh near the cylinder.

Table 1. The effect of the grid number on the lift and drag coefficients (∆t = 0.0001 s).

Initial Nm
Min Length
Scale (mm)

Max Length
Scale (mm) Final Nm CD CL

19,452 6 8 22,072 0.311 0.0201

31,247 4 6 38,763 0.341(9.65%) 0.0229(13.93%)

40,256 2 4 102,856 0.368(7.92%) 0.0245(6.99%)

52,436 1.5 2 308,643 0.387(5.16%) 0.0258(5.31%)

60,711 0.8 1.2 956,754 0.389(0.52%) 0.0261(1.16%)

Table 2. The effect of the iteration time step on the lift and drag coefficients (Nm = 52,436).

∆t CD CL

0.005 s 0.271 0.0183
0.001 s 0.312(15.13%) 0.0209(14.21%)
0.0005 s 0.349(11.86%) 0.0231(10.53%)
0.0002 s 0.371(6.30%) 0.0249(7.79%)
0.0001 s 0.387(4.31%) 0.0258(3.61%)

4. Results and Discussions

4.1. Models Validation

The experimental results of Bouard and Coutanceau [43] provide a basis for the verification of
the accuracy of the present solutions. Figure 3 shows a schematic diagram describing the parameters
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of the wake. B is the intersection of the recirculation zone and the x axis, and the reflow velocity at
this point is equal to zero. S is the separation point of the boundary layer. L represents the length
of the wake, and a and b stand for the location of the center of the vortex. Figure 4 demonstrates
the comparison of the wake flow between the present solutions and the results of Reference [43]
for Re = 5000. After a period of time, we can see that the wake flow is separated from the cylinder,
and a pair of symmetric vortices is formed, which we called the main eddies. As time goes on, a pair of
secondary eddies are formed near the separation point. The special phenomenon was also observed by
Bouard and Coutanceau [43]. Figure 5 shows the velocity distribution at different moments on the
axis for Re = 550. Figure 6 depicts the length of the wake and the coordinate of the center of the eddy.
Moreover, we can see that the present results agree well with those in Reference [43]. This indicated
that the dynamic mesh method which is used to investigate the unsteady viscous incompressible flow
in this paper is accurate and reliable.

Figure 3. Schematic diagram describing the parameters of the wake.

Figure 4. The comparison of the wake flow between the present solutions and the results of Reference [43]
for Re = 5000.
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Figure 5. The comparison of the velocity distribution on the axis between the present solutions and the
results of Reference [43] for Re = 550.

Figure 6. The comparison of the length of the wake and the coordinate of the eddy center between the
present results and the results of Reference [43] for Re = 550.

4.2. Effect of the Locations of Strips

In order to investigate the influence of the locations of strips on the wake flow, a pair of rectangular
strips with a thickness of 0.5 mm was selected. Six different installation locations were discussed:
α = 0◦, α = 20◦, α = 60◦, α = 90◦, α = 120◦ and α = 150◦. The cylinder with a diameter of 50 mm
(δ/D = 0.01) has a starting speed of 1.1 m/s, and the starting is almost instantaneous. The focus of
this paper is on the initial stage of transient flow behind the cylinder, so only the results before the
dimensionless time, T = 3, are given. The effect of the locations of strips on the drag coefficient, the lift
coefficient, the pressure coefficient, the velocity distribution on the axis and the vorticity contours for
the wake flow were analyzed.

Figure 7 depicts the comparison of the drag coefficients between the smooth cylinder and cylinder
with strips. It can be seen that the drag coefficient of the smooth cylinder is gradually increasing.
When the strips are mounted on the cylinder, the drag coefficient increased initially and then decreased
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with the placement angle of strips increased. In the cases of α = 0◦ and α = 20◦, the trends of the
results are the same. When the dimensionless time, T, is less than 1, the drag coefficient is almost
the same as that of the smooth cylinder. However, as time goes on, the results of these two cases
become stable, indicating that installing strips near the forward stagnation point will reduce the drag
acting on the cylinder. In the case of α = 60◦, the drag coefficient is four times as large as that of the
cylinder without strips when T = 3. A new phenomenon that a peak appears in the curve of the drag
coefficient has emerged at the case of α = 90◦. The results of α = 120◦ are much smaller than that of
α = 90◦, indicating that the local peak value and the dimensionless time corresponding to the peak
are sensitive to the arrangement angle of the strips. It can be concluded from the results that the
installation of strips near the stagnation point can reduce the drag, while the installation of strips near
the separation point can increase the drag. We can find an explanation from the vorticity contours of
the wake. After the strips are installed near the separation point, the rotational speed of the vortex
center increases, and more kinetic energy is transferred from the cylinder to the fluid.

Figure 7. Cont.
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Figure 7. The comparison of the drag coefficients between the smooth cylinder and cylinder with strips
for Re = 55,000.

Figure 8 shows the comparison of the lift coefficients between the smooth cylinder and cylinder
with strips. It can be seen that the lift coefficient of the smooth cylinder remains near zero. When the
strips are mounted on the cylinder, the lift coefficient increased first and then decreased as the
arrangement angle of strips increased. When α = 0◦ and α = 20◦, the variation trend of the lift
coefficient is similar. It is equal to the smooth cylinder before the dimensionless time is less than 1.5.
As time goes on, it keeps growing. When the dimensionless time, T, is equal to 3, the lift coefficient
is 0.05 and 0.2, respectively, which is much larger than that of the cylinder without strips. As the
placement angle of strips increases, the oscillation of the lift coefficient is suppressed. When α = 150◦,
a peak-to-valley appears in the lift coefficient curve at T = 2.5. In summary, the influence on the lift
coefficient is large when the strips are moved near the stagnation point.

Figure 8. Cont.
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Figure 8. The comparison of the lift coefficients between the smooth cylinder and cylinder with strips
for Re = 55,000.

The vorticity contours of the wake flow for different locations of strips shown in Figure 9 may
give an explanation. For the smooth cylinder, the wake consists of two symmetrical vortices, and the
width of the wake is less than the diameter of the cylinder. For α = 0◦, there is a significant change
that the front stagnation is more forward than that of the cylinder without strips. It caused the
position of the boundary layer separating from the surface of the cylinder to move backward. Thus,
the wake is narrower than that of the smooth cylinder. In the case of α = 20◦, the boundary layer
has two energy dissipations at the leading and trailing edges of the strips. When the boundary layer
is separated from the separation point, the rotation of the fluid is weaker than that of the cylinder
without strips. Obviously, the significant difference appears at α = 60◦ and α = 90◦. The boundary
layer is separated from the surface of the cylinder much forward than that of the cylinder without
strips, so the wake is wider than the diameter of the cylinder, and the distance between the two vortices
increased. The rotation of the fluid and the vortex size are much larger than that of the smooth cylinder.
The reason for the two cases is that the position of the strips is close to the separation point of the
boundary layer, and there is a large disturbance in the wake. When α = 120◦, the upper and lower
boundaries of the wake are parallel to each other, and the size of the vortex is greater than that of the
cylinder without strips. For α = 150◦, the strips did not affect the development of the boundary layer
due to the installation location, so there is no significant difference compared to the smooth cylinder.

Figure 9. Cont.
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Figure 9. The vorticity contours of the wake flow for different locations of strips for Re = 55,000.

Figure 10 gives the comparison of the pressure coefficient between the smooth cylinder and
cylinder with strips. Only the pressure of the upper-half cylinder is shown, as a result of the symmetrical
distribution. The pressure coefficient is defined as follows:

CP =
2P
ρV2 (14)

where P is the pressure acting on the cylinder, V is the velocity of the cylinder and ρ is the density
of the water. For the smooth cylinder, the pressure coefficient decreases initially and then increases.
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At the location where the strips are installed, there is a large fluctuation in the pulsating pressure.
The explanation for the phenomenon is that the boundary layer will be disturbed at the leading and
trailing edges of the strips. More energy exchange takes place during the disturbances, so the pressure
acting on the surface is usually greater than that of the smooth cylinder. Among six locations, the two
largest increments appear in α = 60◦ and α = 90◦. This indicates that the disturbance of the boundary
layer during the movement of the cylinder is relatively large at these two positions. When θ varies from
140◦ to 180◦, the pressure coefficient is reduced, except for α = 0◦, indicating that the local response of
the cylinder could be suppressed by installing strips selectively.

Figure 10. Cont.
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Figure 10. The comparison of the pressure coefficient between the smooth cylinder and cylinder with
strips for Re = 55,000.

Figure 11 compares the velocity distribution at different moments on the axis between the smooth
cylinder and cylinder with strips installed at different locations. The ordinate is the ratio of the relative
velocity of the fluid to the velocity of the cylinder. It can be seen that the velocity distribution on the
axis follows the trend of the smooth cylinder, although minimum values are different. The curve below
the x axis corresponds to the returning flow in the wake, and the abscissa of the intersection of the curve
with the x axis corresponds to the length of the wake in the recirculating zone. The maximum value of
the negative velocity and the length of the wake in the recirculating zone have changed significantly.
The length of the wake is longer than that of the smooth cylinder, except for α = 150◦. The explanation
is that the installation of the strips creates a disturbance to the boundary layer, complicating the
development of the wake in the recirculation zone. In the case of α = 150◦, it does not have any effect
on the flow wake, so the length of the wake is equal to that of the smooth cylinder. In the cases of
α = 0◦, α = 20◦ and α = 150◦, the negative velocity of the returning flow is lower than that of the
cylinder without strips, indicating that the installation of strips near the stagnation point can reduce
the velocity distribution on the axis. The negative velocity of the wake flow is increased at α = 60◦,
α = 90◦ and α = 120◦, indicating that the installation of strips near the separation point can increase
the velocity distribution on the axis.
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Figure 11. The comparison of the velocity distribution at different moments on the axis between the
smooth cylinder and cylinder with strips for Re = 55,000.
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4.3. Effect of The Shapes of Strips

In order to investigate the influence of the shapes of strips on the wake flow, the strips with
a thickness of 2 mm were selected and installed at α = 90◦. Four different shapes were discussed,
namely the arc, triangle, rectangle and trapezoid. The cylinder with a diameter of 50 mm (δ/D = 0.04)
has a starting speed of 1.1 m/s, and the starting is almost instantaneous. The focus of this paper is
on the initial stage of transient flow behind the cylinder, so only the results before the dimensionless
time, T = 3, are given. The effect of the shapes of strips on the drag coefficient, the lift coefficient,
the pressure coefficient, the velocity distribution on the axis and the vorticity contours for the wake
flow were analyzed.

Figure 12 depicts the drag coefficient of the cylinder with strips of different shapes. It can be seen
that the drag coefficient of the cylinder with strips of different shapes are all higher than that of the
smooth cylinder. Among four different shapes, the drag coefficient of the arc strips is significantly the
smallest. The other three curves have the same trend that increase first and then decrease. A peak
appears in the curves at T = 1.8. The maximum values of rectangular strips, trapezoidal strips and
triangular strips are 2.79, 2.45 and 2.21, respectively. The results are consistent with the general
rules. Energy dissipation occurs when the boundary layer passes through the steps of the strips.
The arc-shaped strips have no step, so the drag of the arc-shaped strips is the smallest. Moreover,
the triangular strips have one step, so the drag is smaller than that of the rectangular strips and the
trapezoidal strips with two steps.

Figure 12. The comparison of the drag coefficients between the smooth cylinder and cylinder with
strips of different shapes for Re = 55,000.

Figure 13 shows the lift coefficient of the cylinder with strips of different shapes. The results
show that the shapes of the strips have a great influence on the lift coefficient. When the shape of the
strips is an arc, the lift coefficient is gradually reduced after T = 2, compared with the smooth cylinder.
A new phenomenon has emerged in the lift coefficient curves of the other three shapes. The oscillation
amplitude of the lift coefficient is increased, and some peaks and valleys appear as a result of the energy
exchange occurring at the steps. The difference is that both the rectangular strips and the trapezoidal
strips have a lower lift coefficient than that of the cylinder without strips, while the triangular strips
have a higher lift coefficient than that of the smooth cylinder.
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Figure 13. The comparison of the lift coefficients between the smooth cylinder and cylinder with strips
of different shapes for Re = 55,000.

Figure 14 shows the vorticity contours of the wake flow for different shapes of strips. After the
cylinder is installed with strips of different shapes at α = 90◦, the boundary layer is separated earlier
from the surface of the cylinder. When the arc-shaped strips are installed, the boundary layer is
attached to the surface of the cylinder again, after passing through the strips and then separating from
the surface of the cylinder. While the strips of other three shapes are installed, the boundary layer is
separated from the strips directly. The arc-shaped strips have little effect on the rotation of the fluid,
but they have a significant influence on the wake. The upper and lower boundaries of the wake are
parallel to each other, and the size of the vortex is greater than that of the smooth cylinder. A big
difference happens in the rectangular strips, the trapezoidal strips and the triangular strips. A pair
of primary vortices is formed near the separation point from T = 1. The rotation of the fluid and the
width of the wake are larger than that of the smooth cylinder all the time. At T = 3, we can see that
many secondary vortices are formed from the separation point and then sequentially absorbed by the
pair of primary vortices.
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Figure 14. The vorticity contours of the wake flow for different shapes of strips for Re = 55,000.

Figure 15 compares the pressure coefficient between the smooth cylinder and cylinder with
strips of different shapes attached at α = 90◦. Only the pressure of the upper-half cylinder is shown,
because of the symmetrical distribution. Due to the installation of the strips, the pressure coefficient
fluctuates significantly at θ = 90◦. The difference is that a valley is created at the arc strips, while the
peaks are created at the rectangular strips, the trapezoidal strips and the triangular strips. When T = 1,
the pressure coefficient curve of the rectangular strips, the trapezoidal strips and the triangular strips
have a valley at θ = 125◦ and gradually moves to θ = 150◦, as time goes on. When T = 3, the valleys
disappeared, indicating that the effect of the strips gradually diminishes with time.
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Figure 15. The comparison of the pressure coefficient between the smooth cylinder and cylinder with
strips of different shapes for Re = 55,000.

Figure 16 compares the velocity distribution at different moments on the axis between the smooth
cylinder and cylinder with strips of different shapes attached at α = 90◦. The effect of the arc strips on
the velocity distribution on the axis is weaker compared to that of the other three shapes. However,
the maximum value of the negative velocity and the length of the recirculating zone are still higher than
that of the cylinder without strips. The other three shapes of strips have the same effect on the velocity
distribution on the axis. In the early stages, the maximum value of the negative velocity and the length
of the recirculating zone are smaller than that of the smooth cylinder. As time goes on, the distance
between the location of the maximum value of the negative velocity and the surface of the cylinder
increases, and the maximum value of the negative velocity and the length of the recirculating zone are
large than that of the smooth cylinder. In general, the arc-shaped strips mainly affect the maximum
value of the negative velocity, and the other three shapes mainly affect the length of the wake.
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Figure 16. The comparison of the velocity distribution at different moments on the axis between the
smooth cylinder and cylinder with strips of different shapes for Re = 55,000.

5. Conclusions

The transient flow around an instantaneously started cylinder with strips of different shapes that
are installed at different locations is investigated by the dynamic mesh method. The present numerical
method is verified by the experimental results reported in the open literature. According to the present
results in this paper, the following conclusions can be drawn.

(1) When the strips are installed near the separation point (α = 90◦), where the boundary layer is
separated from the cylinder, the effect on the drag coefficient is greater than other locations.
Moreover, the maximum of the drag coefficient increased from 0.4 to 1.8, compared with the
smooth cylinder. However, it is sensitive to the lift coefficient while the strips are moved near the
stagnation point (α = 0◦, α = 20◦ and α = 150◦).

(2) The disturbance is the largest at α = 90◦, when the boundary layer passed through the strips,
and the minimum of the pressure coefficients increased by 22.3%, compared to the smooth
cylinder at T = 3. When θ varies from 140◦ to 180◦, the pressure coefficient is reduced, except for
α = 0◦, indicating that the local response of the cylinder could be suppressed by installing
strips selectively.

(3) The installation of strips near the stagnation point can reduce the velocity distribution on the axis,
but the installation of strips near the separation point can increase both the velocity distribution
on the axis and the length of the wake. When α = 90◦, the maximum of negative velocity increased
by 38.4%, compared to the smooth cylinder at T = 3.

(4) When the separation point is moved forward due to the installation of the strips, such as α = 60◦

and α = 90◦, the width of the wake increased. While the separation point is moved backward,
for example α = 0◦, the width of the wake decreased. When the installation position of the strips
does not affect the development of the boundary layer, it has little effect on the wake.

(5) There was an obvious disturbance when the boundary layer passed through the step (the leading
and trailing edges of the strips). The arc-shaped strips have no step, so the effect of the arc-shaped
strips is the smallest, and the triangular strips have one step, so the effect is smaller than that of
the rectangular strips and the trapezoidal strips with two steps.
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