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To disclose the flow field features around a circular cylinder with rear diaphragm, this paper
numerically simulates the effects of diaphragm length on the potential flow around such a
circular cylinder, using the characteristic-based operator splitting (CBOP) method based on
multi-step format (MSF). Through the simulation, the author obtained the flow field velocities,
mean drag coefficient, lift coefficient and Strouhal number, and analysed the variation laws of
the flow field features. The research shows that the addition of the rear transverse diaphragm
can effectively suppress the vortex shedding in the wake region, reduce the pressure difference
between the upper and lower surfaces of the circular cylinder, and greatly improve the flow
around the circular cylinder. When the diagram length was sufficiently long, the vorticity of
the upper and lower shear layers was completely dissipated during the backward movement
along the transverse diaphragm, eliminating the occurrence of vortex shedding. The simulated
laws of the flow velocities and flow field eigenvalues were consistent with the results of the
previous studies. The research findings provide a valuable reference for similar studies in

future.

1. INTRODUCTION

In computational fluid dynamics, the potential flow around
acircular cylinder is a classical problem in various engineering
applications, such as engineering and civil engineering. When
the fluid bypasses a circular cylinder, boundary separation
occurs on the surface of the structure, and flow separation and
vortex shedding behind the cylinder at a certain Reynolds
number. The long-time interaction between the unsteady
separation flow and its accompanying vortex will induce
structural fatigue and even resonance to the structure, exerting
a negative impact on structural reliability and safety [1]. To
reduce the undesirable impact, it is necessary to clarify the
interaction mechanism between the fluid and the circular
cylinder and identify the features of flow separation and vortex
shedding in the influencing scope.

Much attention has been paid to the unsteady separation
flow around a circular cylinder and the accompanying vortex
movements. Reference [2] shows the existence of flow
separation, free shear layer transition and other complex
phenomena in the wake region of the circular cylinder. The
vortex formation and shedding are the results of a complex
mechanism. Reference [3] suggests that free shear layer
transition is closely related to such parameters as flow free
turbulence, boundary conditions of the end wall and length-
diameter ratio of the circular cylinder. Focusing on 2D bluff
bodies, Reference [4] attributes vortex formation and shedding
to the entrainment and interaction between the upper and lower
shear layers. Following this train of thoughts, Reference [5]
adds a transverse diaphragm behind the circular cylinder,
explores the effects of the relative position and length of the
diaphragm on vortex formation and shedding, and puts
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forward a method to limit vortex shedding and alter the lift
resistance coefficient.

Considering the complex interaction between the upper and
lower shear layers of the potential flow around a circular
cylinder, Reference [6] arranges wedge diaphragms along
symmetry lines in the flow direction at the back of the circular
cylinder and connects them with the cylinder; then, the 2D
Navier-Stokes (NS) equations were solved by finite-element
method, unstructured grid, and the laminar flow model, and
applied to simulate the potential flow around the said circular
cylinder [6]. The solution of the N-S equations is the key to
the numerical simulation of the potential flow around a
circular cylinder. Finite-element methods, such as Galerkin
method and other new approaches [7-8], are desirable tools to
solve flow problems with complex geometric boundaries.

If the Reynolds number is relatively large, however, the
convection becomes the dominant flow pattern, resulting in an
obvious nonlinearity of the N-S equations. In this case, the
numerical solution acquired by the Galerkin method may
oscillate violently. To solve the problem, Wang Daguo et al.
[9] combined the characteristic-based split (CBS) method and
the operator splitting method into the characteristic-based
operator splitting (CBOS) method for the solution of N-S
equations. This finite-element method is easy to implement
with a small computing load per time step and easy to
implement. However, the calculation efficiency of this method
is rather low, because the calculation is only stable under small
time steps. Shui Qingxiang et al. [10-11] created
characteristic-based operator splitting method considering the
multi-step format (CBOS-MSF), which can achieve high
computing accuracy at any time step. This method was applied
to simulate the potential flow around a circular cylinder with a



rear diaphragm at different diaphragm lengths. The results
show that this method can accurately simulate the small-scale
physical quantities in the flow and suppress the pressure
oscillation.

In light of the above, this paper adopts the CBOS-MSF to
further simulate the potential flow around a circular cylinder
with rear diaphragm at different diagram lengths, aiming to
clarify the interaction mechanism between the fluid and the
circular cylinder.

2. CALCULATION MODEL

The structure and computational grids of a circular cylinder
with a rear diaphragm are illustrated in Figure 1, where L is
the length of the transverse diaphragm, R is the radius of the
circular cylinder, and S is the thickness of the transverse
diaphragm (S=R/25). During the simulation, only the value of
L was changed to disclose the effects of different diaphragm
lengths on the potential flow around the circular cylinder. As
shown in Figure 2, the flow calculation domain is 30D in the
direction of the main flow, including 10D upstream the
circular cylinder and 18D in the lateral dimension. The circular
cylinder diameter D=1m is the characteristic length.
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Figure 1. Structure of a circular cylinder with a rear
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Figure 2. Calculation domain

3. NUMERICAL MODEL
3.1 Governing equation

The dimensionless form of the basic governing equation for
a 2D unsteady incompressible fluid can be expressed as:

ou, ou; o 1 0oy oy
—+u, =f-——+— —+—
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o, _
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(1)

where Q and [0, 77 are respectively the space domain and the
time domain; i,j=1,2; (u;u;)=(u,v), with u and v being the
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horizontal speed and the vertical speed, respectively; p is the
pressure; ¢ is the time; Re=pUL/u is the Reynolds number, with
i, p, U and L being the dynamic viscosity, fluid density,
characteristic speed and characteristic length, respectively; f;
is the external force with (x1,x2)=(x,y).

3.2 CBOS finite-element method
In each time step, the N-S equations can be divided into a

diffusion term and a convection term below by the operator
splitting method:
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where "’ is the solution of the diffusion term (2) at moment
n+1 and the initial value of the convection term (3) at moment
n+1; 1" is the solution of the convection term at moment 7+1,
and the solution of the N-S equations (1) at moment n+1.
Using the CBOS finite-element method [9], equations (2)
and (3) can be expressed in the following time-discrete forms:
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3.3 CBOS-MSF finite-element method

The MSF was introduced to solve the convection term (3):
splitting each time step Af into /4 sub-steps and solving the
convection term in each sub-step. Thus, the time step for
solving the convection term can be defined as J=At/h.
According to equation (5), the convection term in the /-th sub-
step can be solved by the following formula:
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where / belongs to the interval [1, A]; If /=1, then u?+ h =

l
Ut if i=h, thenw, " = uptL,

The Galerkin method of weighted residuals was employed
for the spatial discretization of equations (4) and (6). The
solution process of the CBOS-MSF finite-element method is
as follows:

(1) Obtain the transition value of the speed field ;" and the
pressure field p"*! at moment n+1 by solving equation (2) with
the speed field u; and pressure field p” at moment n as the
initial values.

(2) Obtain the speed field «; "' according to equation (3) with
u;*’ as the initial value. During the solution of equation (3), the
multi-step explicit processing (Figure 1) should be adopted.

(3) Go to the next moment and repeat steps (1) and (2).

The calculation process is shown in Figure 3.
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Figure 3. The solution process of the CBOS-MSF finite-
element method

3.4 Calculation domain and boundary conditions

Figure 4. The calculation grids for the potential flow around
the circular cylinder

The entire calculation domain was meshed into 11,860 four-
node quadrilateral elements. In total, there were 12,114 nodes
and 128 grids on the surface of the circular cylinder. The
calculation grids are shown in Figure 4. The sidewall and
surface were simulated as solid boundaries, the diaphragm

surfaces as non-slip boundaries, the outlet as free flow
boundaries (relative pressure: 0). It is assumed that the
incoming flow is uniform with the horizontal speed u=1 and
vertical speed v=0, and the initial values obey u=v=0. The
other parameters are as follows: U=1m/s, p=1.0kg/m>, sub-
step of convection flow 4=10, time step=0.1s, and Reynolds
number Re=200. In addition, the diaphragm length was set to
different lengths during the simulation.

4. SIMULATION RESULTS AND ANALYSIS
4.1 Simulation results

The above model and algorithm were implemented to
simulate the potential flow around the circular cylinder with a
rear diaphragm under Re=200 and a uniform incoming flow.
Figure 5 presents the flow velocities around the circular
cylinder at different diaphragm lengths; Table 1 compares the
mean drag coefficient Cp,, lift coefficient C; and Strouhal
number S; calculated in this paper with those presented in
relevant references [12, 13]; Table 2 lists the mean drag
coefficient Cp, lift coefficient C;, and Strouhal number S; of
each diaphragm length; Figures 6 and 7 show the variations of
Strouhal number S, and the mean drag coefficient Cp, with
diaphragm lengths.
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Figure 5. Flow velocities around the circular cylinder at
different diaphragm lengths (Re=200)

Table 1. Comparison between the calculated results with the
data of other references (Re=200)

Calculation results [ Ce St
This paper 1.339 +0.614 0.194
Ding et all!?] 1.348 +0.659 0.196
Harichandan et all3] 1.33 +0.60 0.192

Table 2. Flow coefficient values around the circular cylinder at different diaphragm lengths (Re=200)

4 4.5 5 5.5 6 6.5 7

L/D 0 0.5 1 1.5 2 2.5 3

[ 1.339 1.165 1.0624  1.062  1.0614  1.071 1.0228
C, £0.614 £0.333  +0.163 +0.157 +0.154 £0.169 +0.179
S 0.194 0.167 0.155 0.164 0.178 0.172 0.154

1.0198 09748 0.9616 0.9589  0.9521  0.9512  0.9439  0.9435
+171 +0.155  £0.139  £0.113  £0.0864 +0.064  +0.0561 0
0.138 0.123 0.111  0.0984 0.08961 0.0808  0.0745 0




Figure 6. The variation curve of S; at different diaphragm
lengths (Re=200)

Figure 7 The variation curve of Cp at different diaphragm
lengths (Re=200)

4.2 Results analysis

As shown in Table 1, the Cp, C; and S; calculated in this
paper agree well with the data in the references, indicating that
our algorithm can accurately simulate the flow field features
around the circular cylinder. According to the flow velocities
in Figure 5, when there was no diaphragm, vortexes were
produced through the interaction between the upper and lower
free shear layers, creating a wake region behind the circular
cylinder; in this region, the vortexes appeared and disappeared
alternately, and formed a stable vortex street. After the
addition of the diaphragm, the flow around the circular
cylinder underwent significant changes: the shear layers were
confined to the sides downstream the diaphragm, exhibiting an
attenuating trend; it was not until the end of the diaphragm that
a vortex was generated through the interaction between the
shear layers. With the increase of the diaphragm length, the
starting point of vortex shedding moved back in the flow
direction. At the diaphragm length of L/D=7, the transverse
diaphragm completed blocked the interaction between the
shear layers on the sides of the circular cylinder. In this case,
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the vorticity of the upper and lower shear layers was
completely dissipated during the backward movement along
the transverse diaphragm, eliminating the occurrence of vortex
shedding.

Figure 6 shows the variation curve of the Strouhal number
S; at different diaphragm lengths (Re=200). With the increase
of the diaphragm length, the S; decreased when 0<L/D<I,
increased when 1<L/D<2, and decreased again when 2<L/D;
when L/D=7, S=0, indicating the disappearance of vortex
shedding. These trends are consistent with Figure 5(h), where
no vortex shedding exists, and the results of Reference [6].

Figure 7 shows the variation curve of the mean drag
coefficient Cp, at different diaphragm lengths (Re=200). It can
be seen that the mean drag coefficient C, decreased with the
increase of the diaphragm length. From the C; value in Table
2, it is learned that the addition of the transverse diaphragm
significantly reduced the pressure coefficient difference
between the upper and lower surfaces of the circular cylinder.
Due to its consistency with the difference, the amplitude of lift
coefficient on the circular cylinder also declined dramatically.
In addition, the amplitude of lift coefficient was reduced, but
not to zero, when the transverse diaphragm length was equal
to the diameter of the circular cylinder. Under the same
conditions, this amplitude dropped to zero in Reference [14].

To explain why the amplitude of the lift force was reduced,
but not to zero, when the transverse diaphragm length was
equal to the diameter of the circular cylinder, the pressure
coefficient C, distribution on the surfacse of the circular
cylinder was investigated when the lift coefficient reached the
maximum at the positive direction at Re=200. The distribution
is shown in Figure 8, where the solid line is the distribution
without transverse diaphragm and the dashed line is the
distribution with transverse diaphragm. According to the
figure, when the positive lift coefficient reached the maximum,
the pressure coefficients of the upper layer (90 %6<180<) and
lower layer (180%60<2709 behind the circular cylinder were
increased after the addition of the transverse diaphragm.
Comparatively, the upper layer had a greater pressure
increment than the lower layer. Therefore, the transverse
diaphragm reduced but not eliminated the pressure coefficient
difference between the upper and lower surfaces of the circular
cylinder. Due to its consistency with the difference, the
amplitude of lift coefficient on the circular cylinder with
transverse diaphragm also declined dramatically, but not to
Zero.
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(Solid line: the distribution without transverse diaphragm; dashed line: the distribution with transverse diaphragm)

Figure 8. Pressure coefficient distribution on the surfaces of the circular cylinder when the lift coefficient reached the maximum
at the positive direction (Re=200)



5. CONCLUSIONS

In this paper, the CBOS-MSF finite-element method was
adopted to simulate the potential flow field around a circular
cylinder with rear transverse diaphragm at different diaphragm
lengths under Re=200. The simulation shows that the addition
of the rear transverse diaphragm can effectively suppress the
vortex shedding in the wake region, reduce the pressure
difference between the upper and lower surfaces of the circular
cylinder, and greatly improve the flow around the circular
cylinder. When the diagram length was sufficiently long
(L/D=T), the vorticity of the upper and lower shear layers was
completely dissipated during the backward movement along
the transverse diaphragm, eliminating the occurrence of vortex
shedding. The simulated laws of the flow velocities and flow
field eigenvalues were consistent with the results of the
previous studies. The research findings provide a valuable
reference for similar studies in future.
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