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ABSTRACT: When the flow past a cylinder, vortex shedding will occur in the near wake behind it. In order to
suppress the vortex shedding of the circular cylinders, a numerical simulation program written by the Lattice
Boltzmann Method was used based on the jet from the rear stagnation pointof cylinder. According to the
numerical simulation of the jet with the same direction as the incoming flow, the effects of suppressing vortex
shedding are analyzed. Results demonstrate that: (1) The correctness and validity of the main program and the
expansion moduleare verified by simulating the flow around the square cavity and the cylinder. (2) With the
increasing of the jet velocity, the effect of the jeton the suppression phenomenon for the cylinder’s wake vortex
becomes more obviously. Additionally, the fluctuation of the transverse force of the circular cylinder is reduced.
(3) Although the method of jet flow can suppress the cylindrical vortex shedding, it needs to control the jet
velocity. In addition, it is easy to cause the large value of the drag coefficient of the cylinder and lead to the
structural risk if the velocity of jet flow is too high.
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I.  Introduction

The Flow-Induced Motion (FIM) is a common phenomenon in the marine engineering. And
Vortex-Induced Vibration (VIV), which is one of the most well-known phenomenon of FIM, will be developed
under the alternating load applied by vortex shedding and will cause fatigue damage of the structures [1]-[2].
The VIV developed frequently in the marine applications such as risers, offshore platforms, bridges and other
structures [3]-[4]. Once the structural damage formed, the immeasurable casualties and property losses will be
caused. Based on the powerful destruction of VIV, many scholars have focused their attention on the
suppression of vortex shedding and have proposed various measures to prevent vortex shedding.

According to the necessity of the energy’s input in the process of the vortex shedding, the main
methods can be divided into the passive control method and the active control method [5]-[7]. In the recent
decades, various methods of passive control method including the devises of helical strakes [8]-[9], the control
columns [10]-[11], ribbons [12]-[13] and spoilers [14]-[15] have been proposed by many scholars. Although
there are many useful methods to suppress vortex shedding by passive control methods, active control methods
are more convenient than that of the former because the optimum effect can be obtained. Active control is a
method which should input the external energy to suppress vortex shedding, thus, changing the motion state of
the flow field. According to the literature, these methods fall into some categories: (1) Jet Method, which adds
injection devices or numerical injection to suppress vortex shedding. (2) MSBC, which suppress the vortex
shedding by injecting the momentum in the cylinder’s boundary layer. (3) Rotating-sharking Method, which
rotates the structure. But the first jet method, here, will be the only consideration. In the recent years,
considerable number of scholars focused on suppressing the vortex shedding by the jet flow based on the
experimental and numerical method [16]-[19]. Nevertheless, classical experimental method[20] cannot get a
more precise result due to the influences and constrains of human factors and physical model. Comparing to the
experimental method, the numerical method has gradually become a widely received method to study the
problems of hydrodynamic based on its low cost and high precision. However, the numerical method such as
using the Navier-Stokes equations and Microscopic Molecular Dynamics, which need a large amount of
computational storage and have the extremely long computing time. The Lattice Boltzmann Method (LBM) has
many advantages including high operating efficiency, better robustness, excellent parallel performance, lower
computational storage and the easily handle boundary. According to the above reasons, this paper employs the
LBM to research the cylinder wake vortex fluidic control.

The purpose of this paper is to explore the impact of rear stagnation point jet flow on the wake
shedding and force condition of original cylinder by developing a numerical simulation program based on the
LBM. According to the results of the numerical simulation, the hydrodynamic parameters such as drag
coefficients, lift coefficients and shedding vortex have been analyzed.
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I1.  Numerical simulation
2.1. Research method
The Multi-Relaxation-Time Lattice Boltzmann Method (MRT-LBM) [21]-[23] has been used in this
paper. The evolution equation can be presented in equation(1):

filx + ;- 6t, t + 8t) — fi(x,t) = M~1S[m®(x,t) — m(x,t)] 1)
Where f is the distribution function, S is a relaxation square matrix; where m*(x,t) expresses the equilibrium
state of the moment function.

By combining the MRT-LBM with large eddy simulation (LES) [24]-[26], the flow around the cylinder
can be investigated in turbulent mode. The LES employed the Smagorinsky model, which is used to deal with
turbulence near the wall, can make the turbulence here satisfy the assumption of isotropy.

A new optimal scheme, which improves the original boundary structure of the thick and thin grids of
the multi-block grid, is adopted to make the spatial-temporal multiple interpolation of the original multi-block
grid method into a single spatial multi-point interpolation. This method solves the problems including the
complex proceduce, waste memory footprint and the accumulation of the interpolation error. The alternating

form of the configuration between the original thick and thin grids has been improved.
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Fig. 2: Schematic of time advancement of the grids

In the overlapping region, the fine grid points have not corresponding thick grid points such as A, B,
C and D, so it needs to be spatially interpolated, as shown in Fig. 1. The 16-point Binary Lagrangian

Interpolation has been used to ensure the accuracy of interpolation. The equations can be presented as
following:

i—Xa Yb
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The Fig. 2 is the case of n = 2. For the configuration structure of n> 2, the continuity can be guaranteed only by
evenly dividing the number of n-1 grid points between BP, interpolating these points and adding n-1 collision
migration operation in the fine grid.

2.2. Calculation model

The LBM is used to simulate two-dimensional flow over a stationary circular cylinder with jet flow.
The coordinate system of this paper is established as shown in Fig. 3. The x and y represent the directions of
stream-wise and span-wise, respectively. Where D isthe diameter of the cylinder and h is the diameter of the jet
hole, Uis the velocity of the incoming flow, and Ujis the jet velocity in the range of 0.0U< U;< 10.0U. The
location of the jet flow is situated at the rear stagnation point and the jet flow has the same direction with
incoming flow. The free-lip boundary condition is applied on the top and bottom lids. The left inlet and right
outlet are set as the characteristic and relative velocities, respectively, and keep the gradient of pressure at zero.
According to the complex boundary formula, the wall surface of cylinder is set as no-slip boundary.

The Cpis the drag coefficient, Cis the lift coefficient. The equations can be presented in equation(3)
and equation(4) as:

Fy

Cp = 0.5pU2D ®)
__ B

€= 0.5pU2D “)

Where F, and F,are the force of the downstream and cross flow directions, respectively. And p is the
density of the flow.
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Fig. 3: Schematic diagram of jet flow of cylinder

2.3. Implementation and verification of the program

The improved multi-block grid method was embedded into the basic program by adding self-loop
module. The large eddy model of Smagorinsky model was introduced into the computer program by adding
turbulence module to the collision module. The rear stagnation point jet has been simulated by adding the jet
module to the migration module.Using the OpenMP to compile the processing scheme, rewrite the program
code, achieve parallel computing, improve computing efficiency and save computing time. The output module
has been used to realize the connection between the program and the post-processing software of the flow field,
and then realize the visualization of the flow field. The Fig. 4 is the flow chart of the main program.

The feasibility of method was verified by the square cavity around the flow and the unsteady
cylindrical flow around. In order to verify the correctness of the program code which used the improved
multi-block grid module, a classical square cavity model and a circular cylinder have been used to simulate the
laminar state at low Re. The results from Fig. 5 and Fig. 6 show that the standard solution of the numerical
simulation results are in good agreement with the literature data [27]. In order to verify the correctness of the
program code which added the Smagorinsky model, a circular cylinder has been used to simulate the turbulence
state at Re = 3900. The results from Table 1 show a good fit to the literature [28]-[29]. To sum up, this research
method is feasible.
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Table 1. The comparative analysis between literature [28]-[29] and this paper at Re=3900.

Acrticle Method Cd-Mean | CI-RMS | St

This paper LES 1.396 1.097 0.226
Reference [28] URANS | 1.330 - 0.210
Reference [29] URANS | 1.590 1.170 0.235

I11.  Results and Analysis
The main assignment of this paper is to analyze the phenomenon of vortex shedding by injecting
momentum from the rear stagnation point of the cylinder and is to study the hydrodynamic parameters such as
drag and lift coefficients at different Re.

3.1. The analysis of drag and lift coefficients

For Re = 200 and 300, the state of flow field is simulated without adding the turbulence module due to
the leading function of the viscous force. For Re = 10000, there is a turbulent state around the cylinder, so the
turbulence module is considered for simulation.

With the increasing of the jet velocity, the mean value of drag coefficients show the downward trend in
Fig. 7 and Fig. 8. The sign of the resistance changes as the U; changing value from 5U to 6U. The main reason
of this phenomenon is that the jet exerts a reaction force on the cylinder, furthermore, the dimensionless
coefficient (Cs) of jet recoil is quadratic correlation with jet velocity. Additionally, when Uj> 8.0U,the absolute
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value of the drag coefficients, which is under the influence of the jet, will greater than that of the case without
jet flow. Therefore, the effect of jet recoil on the cylinder should be emphasized in the practical application.The
extreme fluctuation of lift coefficients (Cl-Max) at different jet velocities and the corresponding root mean
square of lift coefficients (CI-RMS) are shown in Fig. 9 and Fig. 10. The curves show the downward trend as the
jet velocities increase in the certain range. The reason for this phenomenon is that the jet flow compensates for
the flow loss in the vortex region of the cylinder and improves the stability of the flow field.

In the range of Uj>Ujcriun, the value of the extreme fluctuation and root mean square for lift coefficients
both begin to rapidly decline. In the case of Re = 200 and 10000, which have the same critical jet velocity of
Ujerin = 4.0. In the case of Re = 300, resulting in Ujcin = 5.0. The main reason for the suddenly drop is that the
jet flow separates the wake field and suppresses the interaction of the wake vortex. In the range of U Ujgrirp, 8s
the jet velocities increase, the value of lift coefficients decreases gently. Where Ujgi= 5.0 at Re = 200 and
10000 and Ujgrir,= 6.0 at Re = 300.
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Fig. 7: Mean value of drag coefficients at Re=200 and 300
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Fig. 8: Mean value of drag coefficients at Re=10000
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Fig. 9: The diagram of extreme fluctuations and root mean square for lift coefficients at Re=200 and 300
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Fig. 10: The diagram of extreme fluctuations and root mean square for lift coefficients at Re=10000

3.2. The analysis of the flow field

Some typical jet velocities have been selected based on the results presented in Fig. 9 and Fig. 10. It is
notable that the curves fall sharply when the value of U; varies from 4U to 5U. Therefore, it is used to the further
study. In the range of U>8U, the situation of the flow is steady, so it is included in the analysis. The jet
velocities are 0.0U, 4.0U, 5.0U and 8.0U from left to right in the Fig. 11-Fig. 14.

3.2.1. The analysis of velocity field

As shown in Fig. 11, forRe = 200, the results indicate that the jet flow produces a separated function for
the wake flow field, and this phenomenon become obviously with the increasing of the jet velocity. The wake
vortex of the cylinder, which is formed near the jet flow, has the opposite direction compared to the jet flow as
the jet velocity reaching a certain value, indicating that the jet has a suppression effect for the wake vortex of
cylinder. In the meantime, increasing of the distance between the jet flow and rear stagnation point is
accompanied by the dissipation of hydrodynamic power of the jet flow. The jet velocity decreases as the
distance increases and the length of the stable region increases as the jet velocity increases. The location of the
instability and the length of the stable region will affect the vortex state of the original cylinder and the
transverse force of the cylinder.

As shown in Fig. 12, forRe = 10000, the diagrams reveal similar phenomenon to the case of low Re.
However, in the case of U;= 8U, the unstable phenomenon of jet flow has not appeared. It is speculated that the
jet flow is far away from the cylinder wake area when the jet kinetic energy is exhausted. And the inertia plays a
dominant role for the shaping of flow state but the influence of viscous force is small. Therefore, the jet flow
can continue to maintain a long distance and can be not easy to be unstable.

g. 12: The comparison dagram of velocity at Re = 10000

3.2.2. The analysis of vorticity field

As shown in Fig. 13, forRe = 200, in the case of U;<4U, the wake vortex of the cylinder has been
stimulated due to the short length of the jet flow stable region. As U; increases in the range of 4U<U;<5U,based
on the phenomenon that the length of the stable regionhas thegreatervaluethan that of the main region of the
cylinder wake vortex, the cylinder wake vortex has not been stimulated. In the range of U;>5U, the separated
function of jet flow becomes more obviously, which induces a pair of anti-phase symmetric wake vortex and
suppresses the shedding of the cylinder wake vortex. It should be noted that, although the vortex of jet flow has
been formed in the wake jet flow, it causes a little influence on the transverse force of the cylinder because of
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the far distance between the area of the alternating vortex and the wall of cylinder. It can be seen that the stretch
of the cylinder wake vortex is not obvious in the case of U; = 5U but obvious in the case of U; = 8U.

As shown in Fig. 14, forRe = 10000, the results of this case is similar to the case of low Re. And the
suppression phenomenon of the cylinder wake vortex is more obviously due to the larger power of the jet flow.
Therefore, as the jet velocity reaching up to the value of U= 4U, although the cylinder wake vortex will still be
stimulated because of the close unsteady position of the jet flow, the transverse force of the cylinder will also be
significantly weakened due to the large suppression effect of the jet flow.

According to the analysis in the cases of Re = 200 and 10000, the results show that the jet flow on the
rear stagnation point can suppress the cylinder wake vortex obviously. And it is more appropriate to select the jet
velocity in the range of 6U<U;<8U after considering the jet recoil and suppression effect comprehensively.

Fig. 14: The comparison diagram of vorticity at Re=10000

IV.  Conclusion

In this paper, a numerical simulation program, which was developed by Fortran based on LBM, was
applied to the research of the influence of cylinder which added the jet flow. And the main conclusions are
obtained as follows:

With the increasing of the jet flow velocity, the cylinder lift coefficients (such as the extreme
fluctuation and the root mean square) show a downtown tendency. Particularly, when the jet velocity reaches up
to a critical value, the value of lift coefficients decreases gently and closes to zero. Nevertheless, the results
confirm that it needs to control the jet velocity. If the velocity of jet flow is too high, it is easy to cause the large
value of the drag coefficient (resulting in the structural risk).

The influence of jet flow on the rear stagnation point for the cylinder wake vortex are mainly reflected
in two aspects: the jet flow, which develops a separated function for the cylinder wake field, suppresses the
vortex shedding by preventing the interaction between the wake vortex of the original cylinder; the jet flow
compensates the velocity loss in the area of cylinder wake vortex, thus increasing the stability of flow field and
suppressing the original cylinder wake vortex. The combined action of these two aspects can restrain the vortex
shedding and weaken the transverse force fluctuation of the cylinder.
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