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The vortex shedding from a bluff body can provoke structural
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characterize an intrinsic phenomenon in the design of cylindrical
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regression analysis is used to derive a relationship between various
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1. Introduction

The analysis of fluid-solid interaction (FSI), when the solid acts as an obstacle in the path of the
fluid, is an interesting topic that has enjoyed the attention of numerous researchers [1, 2]. Obstacles
such as cylinders with circular or square cross-sections are common structural geometries used in
buildings, bridges, and offshore gas and oil production facilities [3, 4]. In order to study their
vibrations, the influence of the fluid on the structure must be fully investigated before the design
process, as this can lead to fatigue damage. In the case of a square cylinder, the separation points
are located at the edges, and the shafts are wider than in the case of a circular cylinder [5]. The
position of the separation points is determined by the angle of fluid impact, which affects the
topology of the loops and the dynamics of the forces.

Flow-induced vibrations are commonly classified into three categories: vortex-induced vibration
(VIV), galloping, and flutter [6]. In a certain range of Reynolds numbers, the natural frequency of
a circular cylinder might match the vortex-shedding frequency, thus giving rise to VIV. For a
square cylinder, however, both VIV and galloping occur due to sharp corners. The FIV of sprung
square cylinders, i.e., mounted on a flexible support, has been investigated experimentally and
numerically by several researchers [7-9], although they are limited in number compared to the
studies into circular cylinders. Vibration responses caused by the flow passing over a square
cylinder depend on various factors such as Reynolds number and flow velocity. Some researchers
have performed pressure measurements of an oscillating cylinder [10, 11]. Experimental FIV-
related studies for sprung square cylinders were performed by Bokaian and Geoola [12] and
Bearman et al. [13]. These researchers inspected the galloping and VIV for different flow
velocities. Recent studies by Nemes et al. [14] and Zhao et al. [15] concentrated on the effect of
impact angle on the ratio of vibration frequency and vortex-shedding frequency in the galloping
and lock-in zones. Various methods have been proposed to attenuate VIV and galloping [16-18].
A broad category of such techniques relies on the use of flow control strategies. Zdravkovich [19]
categorized different devices for eliminating vortices. Active and passive control methods
applicable to these devices were investigated by Gad-el-Hak et al. [20] and Choi et al. [21]. Suction
and blowing of fluid on the body's surface, injection of microbubbles and particles, acoustic
stimulations, cylinder oscillation or rotation, and electromagnetic forces are among the control
methods [22, 23].

A simple question that has aroused the curiosity of many researchers is the use of blowing or
sucking in vibration suppression. The investigation on this topic began with the work of Lin et al.
[24], who observed the effectiveness of a specific pattern of slits on the vortices of the cylinder.
Delaunay and Kaiktsis [25] studied the effect of flow velocity on wake stability with a series of
numerical analyses. Mathelin et al. [26] also performed numerical studies on porous cylinders by
considering the effect of flow blowing. In this study, the length of the rotating bubbles and their
displacement increased linearly with the increasing blowing rate, although the study is limited to
the Reynolds number range of 5 to 45. This idea was taken up by Fransson et al. [27], who used
wind tunnels and flow detection techniques. Numerical studies on the combination of suction and
blowing as a passive method at Re = 500 by Dong et al. [28] showed that this method is indeed
capable of damping the vibrations. In a similar study, Muralidharan et al. [29] considered a one-
DOF system and changed the position of the suction slots while the blowing slots remained fixed.
The result was a complete elimination of the wake structure and a reduction of its length to zero.
Wang et al. [30, 31] numerically investigated flow control with two nozzles on both sides of a
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circular cylinder. They proved that this pair of nozzles can cancel the Kdrman vortex street near
the separation point if it has enough momentum. Comparable results were obtained by Kim and
Choi [32] using computer simulations. They found a significant reduction in the drag coefficient
of the circular cylinder using suction at two stagnation points. It is worth mentioning here that it
is difficult to serve the suction and blowing approach in large infrastructures. However, the method
can be used in ocean and marine applications by modifying the body or adding control equipment.
For example, this method can be implemented by placing control tools inside the cylinder or adding
an external blow and suction system that is installed on the body. Also, for long structures, the
control system can be installed at several points with certain distances [27, 33, 34].

Based on the literature analysis, it is evident that although there has been much research on
reducing the VIV of a circular cylinder, there is a significant lack of effort in addressing the VIV
of a square cylinder. Furthermore, there has been a lack of studies investigating the impact of
various suction and blowing configurations on mitigating the vibration of a square cylinder. This
work initially focuses on a square cylinder and subsequently examines various patterns of
simultaneous suction and blowing for the first time after verifying the accuracy of the devised
method. The patterns mentioned above exhibit variations in the quantity and dimensions of
blowing and suction slots, as well as the velocities of the jets. The FSI simulations are conducted
at two distinct Reynolds numbers, specifically the galloping zone and the frequency
synchronization region, in order to provide a more thorough analysis.

2. Problem definition

2.1. Geometry and boundary conditions

A cylinder of square cross-section is located on a flexible support in the path of a uniform flow.
The arrangement of the intake and exhaust ports of the flow is shown in Figure 1. In the same
figure, the considered non-dimensional variables include the number of inlet or suction slots (N;),
the cross-sectional area of inlet or suction slots (d,), velocity at the inlet or in the suction section
(uq), number of outlets or blowing slots (N,), the cross-sectional area of the outlet or blowing slots
(d,), and velocity in the outlet or blowing section (u,). Also, ¢ and k are the damping and stiffness
coefficients, respectively. The cylinder can move along the y-direction according to the given
degrees of freedom. The computational domain is a 35Dx10D rectangle. The distance from the
center of the square cylinder to the inlet and outlet boundaries is 10D and 25D, respectively. The
boundary conditions at the inlet and outlet, along with the upper and lower bounds, are shown in
Figure 2.
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Fig 1. Schematic diagram of the problem and arrangement of suction and blowing slots.

2.2. The governing equations

The governing equations include the conservation of mass and momentum for the fluid and a
supplementary equation describing the dynamic motion of the structure. Thus, the FIV study
involves a bidirectional coupling between the dynamic equations involving the fluid and the
structure [29]. The two-dimensional flow simulation is carried out considering suction and blowing
processes at a steady state. The Navier-Stokes equations are solved by the continuity and
momentum equations in Equations 1 and 2.

Jdy;
— =90 (1)

0XL-
u.% = _10p +v 0%u; 0
b ox; p 9x; 0x; 0x; 2)

where p is the pressure, p is the fluid density, x; is the Cartesian coordinate in the i direction, u;
is the velocity component in the same direction, and v is the kinematic viscosity.

The finite volume method (FVM) and the pressure implication algorithm with splitting operators
(PISO) are used to discretize the equations. The flow field and structural response are solved
sequentially, and the hydrodynamic forces exerted on the cylinder are obtained because of the
viscous and compressive stresses in each step, then substituted into the structural equation so that
the displacement and vibration responses are determined.
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Fig 2. Computational domain, boundary conditions, and applied mesh.

The sprung square cylinder freely oscillates in the y-direction due to the fluid flow. In the current
vibration modeling, a simple lumped model in the form of the second-order differential equation
is chosen, which is expressed as,

Y +4Anfi(Y + 2rf)?Y = (2C,/mm*) 3)
where Y = y/D is the non-dimensional displacement along the y-direction, f,;, = (D/2rnU),/k/m
is the reduced natural frequency in which m is the mass and k is the stiffness. Finally, m* =
4m/(npD?) is the non-dimensional mass and Cj, is the lift coefficient.

2.3. Solution procedure

The FIV problem is addressed by utilizing Computational Fluid Dynamics (CFD), which has two
distinct components: The Structural Solver and the Flow Solver. A bidirectional connection system
exists that connects these entities. The square cylinder is positioned within a rectangle
computational domain, as depicted in Figure 2, for the flow solver component. The flow properties,
including velocity components and pressure, are obtained by solving the governing equations in
each time step using the commercial software Fluent. The standard and second-order upwind
techniques are employed to separate the momentum and corrected pressure equations, respectively.
The drag and lift coefficients of the hydrodynamic forces operating on the cylinder can be obtained
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by integrating the pressure and viscous forces. The aerodynamic coefficients significantly
influence the interaction between the equations of motion of the cylinder and the flow field in its
vicinity. The center of gravity (CG) motion of the user-defined function (UDF) refers to the forces
that act as source terms in the motion equations of the cylinder, which is considered a rigid body.

The structural mesh motion in the UDF code is characterized by the movement of the mesh in
response to the rigid body's motion. The unstructured meshes are updated using "spring-based
smoothing" and "local re-meshing" to accurately represent the fluid and cylinder interactions.
Conversely, the remaining components of the mesh, all of which are triangular, can experience
deformation in response to the cylinder's displacement. See [35-37] for a more comprehensive
explanation and the validation findings.

3. Results and discussion

The square cylinder experiences both VIV and galloping phenomena due to its sharp corners. The
former occurs at lower Reynolds numbers due to the synchronization of structural natural
frequency and vortex-shedding frequency, while the latter occurs only in non-circular cylinders at
higher Reynolds numbers. Previous studies by the authors indicate the value of Re = 87.5 for the
lock-in region and Re = 220 for the galloping zone.

3.1 Investigating the effect of blowing and suction in the lock-in region

In order to study different patterns of blowing and suction, 68 FSI simulations are performed based
on DOE using the factorial method as described in Table 1. The considered non-dimensional
variables include the number of inlet or suction slots (N;), the cross-sectional area of inlet or
suction slots (d; ), velocity at the inlet or in the suction section (u; ), number of outlets or blowing
slots (N), the cross-sectional area of the outlet or blowing slots (d,), and velocity at the outlet or
in the blowing section (u,). In this table, front_m is the product of the number of slots per area
and velocity, a parameter related to the volumetric flow rate. Different outputs are extracted, and
given that the behavior of outputs (Y,4,: maximum non-dimensional displacement in the y
direction, Cd,,,: maximum drag coefficient and Cl,,,,: maximum lift coefficient) are similar,
only the outputs of Y,,,, are presented. In this model, the distance between the slots and the
distance from them to the cylinder's edge is considered to be the same.

Table 1. Simulated cases for studying the impact of different suction and blowing patterns in the lock-in region

Ny d, uy N, d, u, Front_m Yonax
3 0.05 1 3 0.3 0.166667 0.15 0.2095
1 0.1 0.1 1 0.1 0.1 0.01 0.1974
1 0.1 0.1 1 0.1 0.1 0.01 0.1968
2 0.06 0.12 2 0.06 0.12 0.0144 0.1799
3 0.16 0.12 3 0.16 0.12 0.0576 0.1723
3 0.04 0.96 3 0.96 0.04 0.1152 0.1688
3 0.05 0.1 3 0.05 0.1 0.015 0.1651
1 0.25 0.1 1 0.25 0.1 0.025 0.1521
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Fig3. Simultaneous influence of the cross-sectional area and flow velocity at the inlet and outlet on the maximum
displacement (single slot-single slot) in the lock-in region.

Considering the simulation results from Table 1, the use of single suction and blowing slots on
both sides results in the contours shown in Figure 3. Based on the contours shown, the following
observations can be made. In general, as the cross-sectional area of the slots increases and the flow
velocity of suction and blowing in these slots increases, the maximum displacement of the cylinder
decreases. The comparison of the contours in Figures 3(a) and 3(b) shows that the effect of flow
velocity in the suction slot is larger than that in the blowing slot. Also, Figure 3(c) shows that
increasing the length of the suction slot has a greater effect on reducing the vibration of the cylinder
than increasing the length of the blowing slot. In conclusion, the intake slots significantly mitigate
the cylinder displacement compared to the blowing slots. It is also observed that from an inflection
point, the maximum displacement of the cylinder tends to zero.

Figure 4 shows the same contours as before, only this time for a double slot at the inlet and outlet.
In general, the maximum displacement decreases with the increasing length of the slots and the
flow velocity. Comparing the contours of Figures 3 and 4 indicates that by increasing the number
of inlet and outlet slots, the cylinder displacement tends to zero for the smaller length and the flow
velocity. In the case of a double slot, there are distant spots that show different behavior in the
contours, which can be attributed to the interference of sucked/blown flows in adjacent slots, as
these spots are not observed in Figure 3. This situation is intensified in Figure 5, which shows the
contours associated with three input and three output slots.
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Fig 6. Logarithmic regression analysis: flow rate in terms of maximum displacement.

The above results show that the dominant parameter in cylinder displacement is the product of
cross section and velocity, which is related to volumetric flow rate (front m). The regression
analysis of the volume flow rate with respect to Y;,,,, based on the second-order function is shown
in Figure 6. The regression analysis in Figure 6 elucidates that as the volumetric flow rate
increases, the maximum displacement decreases and approaches zero. This may suggest that
cylinder displacement can be effectively suppressed beyond a certain threshold of volumetric flow
rate.

In the case of similar flow rates and the different number of slots, certain items in Table 2 are
selected. The results show that by keeping the product of the cross-section and velocity constant,
increasing the number of slots decreases Y,,4,. In fact, by increasing the number of slots and
consequently reducing the cross-sectional area and/or velocity, flow circulations are prevented in
a wider area, and the maximum displacement decreases in the y-direction. Notably, increasing the
number of slots also increases the likelihood of flow irregularities.

In order to show the time response of cylinders and the vorticity contours, the results of several
simulations are presented. To select these experiments from those listed in Table 1, an attempt is
made to select a wide range of input parameters. For this purpose, Figures 7 and 8§ display the
displacement-time response and vorticity contours in the fully-developed condition for certain
simulations, listed separately in Table 1 of the Appendix. This figure also shows the uncontrolled
cylinder response for comparison. As noted, the uncontrolled cylinder displacement at Re = 87.5
reaches the maximum value in the lock-in region. Due to the cylinder vibration at this specific
Reynolds number, the vortical structure mode becomes 2S, in which one vortex is separated from
the upper surface of the cylinder and then another vortex from its lower surface.

With increasing flow rate, a significant decrease in the displacement of transverse oscillations is
observed. As an illustrative example, for the case where the front surface of the cylinder has three
slots of length 0.32D and a suction velocity of 0.12 and two slots on the rear surface with a length
of 0.48D and a blowing velocity of 0.12, the displacement response of the cylinder is completely
suppressed. In addition, as the suction and blowing flow rate increase, the size of vortices gradually
decreases, and the distance between them increases, while the vortical structure mode remains 28S.
Furthermore, as the flow rate increases, the length of the shear layer formed at the back of the
cylinder increases so that the vortex-shedding stops from one turning point onward. For cases 13—
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15, where the flow rate is large enough, even the symmetrical wake created behind the cylinder
disappears in the far field.
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Fig 7. Cylinder displacement response and vorticity snapshots in the lock-in region for the uncontrolled cylinder and

cases 1-7.
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Table 2. Investigating the effect of the number of slots with a constant flow rate in the lock-in region.

Ny d, u, N, d, u, Front_m Y nax

1 0.1 0.1 1 0.1 0.1 0.01 0.1974
1 0.1 0.1 1 0.1 0.1 0.01 0.1968
1 0.25 0.1 1 0.25 0.1 0.025 0.1521
1 0.1 0.25 1 0.25 0.1 0.025 0.1516
1 0.1 0.4 1 0.4 0.1 0.04 0.0884
2 0.2 0.1 2 0.2 0.1 0.04 0.0772
1 0.1 0.5 1 0.5 0.1 0.05 0.0768
1 0.5 0.1 1 0.5 0.1 0.05 0.0566
2 0.25 0.1 2 0.25 0.1 0.05 0.0515
2 0.06 0.48 2 0.24 0.12 0.0576 0.0457
2 0.24 0.12 3 0.24 0.08 0.0576 0.0380
1 0.1 0.8 1 0.8 0.1 0.08 0.0193

0.8 0.1 1 0.8 0.1 0.08 0.0166
2 0.4 0.1 2 0.4 0.1 0.08 0.0157

3.2 Effect of blowing and suction in the galloping zone

When the flow velocity exceeds a certain value, non-circular cylinders enter the galloping zone
where the displacement amplitude is much higher than the displacement in the lock-in region.
Interestingly, the increased lift in the galloping zone due to cylinder motion generates a larger
displacement. The parameters studied in this case are similar to those in Section 4.1, except for Re
= 220, specific to the galloping zone. According to DOE, based on the factorial method, 72 cases
are simulated, as shown in Table 3. As in previous sections, only the results of Y,,,,, are presented.
In the considered pattern, the distance from the slots to each other and the cylinder edge are equal.
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Fig 8. Cylinder displacement response and vorticity snapshots in the lock-in region for cases 8-15.
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Table 3. Simulated cases for studying the effect of different patterns of blowing and suction in the galloping zone.

Ny d, uy N, d, Uu, Front_m Y max

1 0.5 0.5 1 1 0.25 0.25 0.6482
2 0.24 0.48 3 0.32 0.24 0.2304 0.6726
1 0.25 0.8 1 1 0.2 0.2 0.8256
1 0.8 0.25 1 1 0.2 0.2 0.8002
2 0.1 1 2 0.4 0.25 0.2 0.7362
3 0.05 1 3 0.3 0.166667 0.15 0.8486
1 0.5 0.25 1 0.8 0.15625 0.125 0.8940
1 0.25 0.5 1 0.5 0.25 0.125 0.8354
3 0.32 0.12 2 0.48 0.12 0.1152 0.8687
1 0.1 1 1 1 0.1 0.1 0.8812
1 1 0.1 1 1 0.1 0.1 0.8447
2 0.05 1 2 0.5 0.1 0.1 0.8298
2 0.5 0.1 1 1 0.1 0.1 0.8187
2 0.1 0.5 2 0.25 0.2 0.1 0.7765
3 0.3 0.1 3 0.3 0.1 0.09 0.7314
3 0.04 0.72 3 0.24 0.12 0.0864 0.7204
1 0.1 0.8 1 0.8 0.1 0.08 0.7620
2 0.4 0.1 2 0.4 0.1 0.08 0.7180
3 0.05 0.5 3 0.15 0.166667 0.075 0.6958
2 0.05 0.7 2 0.35 0.1 0.07 0.7197
1 0.25 0.25 1 0.8 0.078125 0.0625 0.7252
2 0.24 0.12 3 0.24 0.08 0.0576 0.7256
2 0.06 0.48 2 0.24 0.12 0.0576 0.6769
1 0.1 0.5 1 0.5 0.1 0.05 0.7056
1 0.5 0.1 1 0.5 0.1 0.05 0.7041
2 0.25 0.1 2 0.25 0.1 0.05 0.6735
3 0.15 0.1 3 0.15 0.1 0.045 0.6392
1 0.1 0.4 1 0.4 0.1 0.04 0.6617

0.2 0.1 2 0.2 0.1 0.04 0.6245

0.25 0.1 1 0.25 0.1 0.025 0.6139
1 0.1 0.25 1 0.25 0.1 0.025 0.6138
2 0.1 0.1 2 0.1 0.1 0.02 0.5917
3 0.05 0.1 3 0.05 0.1 0.015 0.5666
2 0.06 0.12 2 0.06 0.12 0.0144 0.5768
1 0.1 0.1 1 0.1 0.1 0.01 0.5856
1 0.1 0.1 1 0.1 0.1 0.01 0.5785
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If single suction and blowing slots are used on the two sides, the contours of Figure 9 are obtained
based on the simulation results in Table 3. As in the lock-in area, the maximum cylinder
displacement generally decreases as the length of the blowing/suction slots and the flow velocity
increase. However, the trend of changes is not as simple as that seen in the lock-in region, and
nonlinear behavior is noticed in the results. Also observed is the more significant role of increasing
the length of suction slots and their flow velocity compared with blowing ones. This is particularly
true for the suction slot's length compared to the blowing slot's length, as shown in Figure 9(c).

Contour Plot of Ymax vs d1, ul Contour Plot of Ymax vs d2, u2
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Fig 9. Simultaneous influence of the cross-sectional area and flow velocity at the inlet and outlet on the galloping
zone's maximum displacement (single slot-single slot).

Figure 10 shows similar contours for the case of a double slot configuration on either side at Re =
210. The trend of changes is almost identical to that of Figure 9. Figure 11 shows the contours for
the triple slot arrangement on both sides.
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Fig 10. Simultaneous influence of the cross-sectional area and flow velocity at the inlet and outlet on the galloping
zone's maximum displacement (double slot-double slot).

Figure 12 presents a regression analysis illustrating the relationship between the product of cross-
section and velocity (flow rate) and maximum cylinder displacement in the galloping zone. It
demonstrates that as the flow rate increases, the maximum displacement initially rises and then
declines, indicating an optimal flow rate for displacement suppression. Regarding similar flow
rates and different numbers of slots, the items in Table 4 were selected. The results may suggest
that when the product of cross-section and velocity remains constant, the growth in the number of
slots slightly decreases Yy, q-
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Fig 11. Simultaneous influence of the cross-sectional area and flow velocity at the inlet and outlet on the galloping
zone's maximum displacement (triple slot-triple slot).
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Fig 12. Second-order regression analysis: flow rate with respect to maximum displacement in the galloping zone.
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Table 4. Investigating the effect of the number of slots by keeping the flow rate constant in the galloping zone

N4 d, uy N, d, u, Front_m Y nax
1 0.1 0.4 1 0.4 0.1 0.04 0.6617
2 0.2 0.1 2 0.2 0.1 0.04 0.6245
1 0.1 0.5 1 0.5 0.1 0.05 0.7056
1 0.5 0.1 1 0.5 0.1 0.05 0.7041
2 0.25 0.1 2 0.25 0.1 0.05 0.6735
1 0.1 1 1 1 0.1 0.1 0.8812
1 1 0.1 1 1 0.1 0.1 0.8447
2 0.05 1 2 0.5 0.1 0.1 0.8298
2 0.1 0.5 2 0.25 0.2 0.1 0.7765
1 0.25 0.8 1 1 0.2 0.2 0.8256
1 0.8 0.25 1 1 0.2 0.2 0.8002
2 0.1 1 2 0.4 0.25 0.2 0.7362

The outputs of several simulations are discussed here to obtain the cylinder time response and
vorticity contours. To pick out these experiments from those listed in Table 3, an attempt is made
to select a wide range of input parameters. For this purpose, Figures 13 and 14 display the
displacement-time response and vorticity contours in the fully-developed condition for certain
simulations in Table 3, listed separately in Table 2 of the Appendix. For comparison, the same
Figure also shows the uncontrolled cylinder response.

The displacement response of an uncontrolled cylinder at Re = 220 exhibits a vortical structure
mode, which can be described as 2S+2P, mostly attributed to high-amplitude vibrations.
Consequently, a pair of vortices are expelled from one side of the cylinder, followed by the
expulsion of a single vortex from the other side in a different manner. The amplitude of cylinder
displacement exhibits an initial increase followed by a subsequent decrease as the flow rate
increases. In case 9, where the cylinder possesses a front surface slot measuring 0.7D in length and
a suction velocity of 0.4 and two rear surface slots measuring 0.5D in length and a blowing velocity
of 0.28, the cylinder displacement is fully attenuated. Furthermore, as the flow rate increases, the
vortical structure gradually transitions into an irregular mode from 2S+2P. This transition occurs
after a specific flow rate turning point, resulting in the cessation of vortex-shedding. In cases 13-
15, wherein the flow rate reaches a sufficiently high magnitude, the symmetric wake is fully
eradicated in the distant region.
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Fig 13. Cylinder displacement response and vorticity snapshots in the galloping zone for the uncontrolled cylinder
and cases 8—15.
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4. Conclusions

This paper investigates the effect of different blowing and suction patterns on the galloping and
vortex-induced vibration of square-section cylinders vibrating freely in the y-direction. The main
observations are given below.

a. Lock-in region:

1. As the cross-sectional area of the slots increases and the flow velocity of blowing and suction
increases, or as the flow rate increases, the maximum amplitude of the cylinder lateral
displacement decreases. Moreover, increasing the suction slot length and the flow velocity of the
suction slot has a stronger effect on the attenuation of the cylinder lateral displacement than that
of the blowing slot.

2. The maximum cylinder displacement becomes zero From a turning point of suction and blowing
volume flow.

3. As the flow of suction and blowing increases, the vortices' size gradually decreases, and the
distance between them increases, while the vortex structure mode remains 2S.

4. As the flow rate continues to increase, the length of the shear layer formed behind the cylinder
increases to such an extent that vortex shedding ceases from a turning point.

b. Galloping zone:

5. As for the galloping zone, similar to the lock-in region, the maximum cylinder displacement
decreases with increasing length of the blowing/suction slots and increasing flow velocity in these
slots (or, equivalently, with increasing flow). However, the trend of the changes is not as simple
as in the lock-in region, and the results show nonlinear behavior.

6. Additionally, It is observed that increasing the length of the suction slots and the suction flow
rate of these slots has a larger effect than that of the blowing slots. This is particularly true for the
length of the suction slot compared to the length of the blowing slot.

7. As the suction and blowing flow rates increase, the vortex structure mode gradually changes
from 2S+2P to an irregular wake so that vortex shedding stops from an inflection point of the flow
rate.

8. the symmetric wake in the far field also disappears at higher flow rates for both the gallop and
lock-in zones.
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Appendix
Table 1. Selected cases from the items in Table 1 of the manuscript
Case Ny d, u, N, d, u, Front_m Y max

1 1 0.1 0.1 0.01 1 0.1 0.1 0.3935

2 2 0.06 0.12 0.0144 2 0.06 0.12 0.3598

3 2 0.1 0.1 0.02 2 0.1 0.1 0.2787

4 1 0.1 0.4 0.04 1 0.4 0.1 0.1768

5 1 0.5 0.1 0.05 1 0.5 0.1 0.1132

6 2 0.24 0.12 0.0576 3 0.24 0.08 0.076

7 1 0.8 0.1 0.08 1 0.8 0.1 0.0332

8 2 0.05 1 0.1 2 0.5 0.1 0.0142

9 3 0.32 0.12 0.1152 2 0.48 0.12 0.0001
10 1 0.7 0.4 0.28 2 0.5 0.28 0
11 2 0.5 0.4 0.4 1 0.7 0.571428571 0
12 2 0.25 1 0.5 2 0.1 2.5 0
13 2 0.35 1 0.7 1 0.4 1.75 0
14 2 0.4 1 0.8 2 0.25 1.6 0
15 3 0.3 1 0.9 3 0.15 2 0

Table 2. Selected cases from the items in Table 3 of the manuscript
Case Ny d, uy N, d, u, Front_m Yinax

1 1 0.1 0.1 0.01 1 0.1 0.1 0.01
2 2 0.1 0.1 0.02 2 0.1 0.1 0.02
3 1 0.1 0.5 0.05 1 0.5 0.1 0.05
4 3 0.04 0.72 0.0864 3 0.24 0.12 0.0864
5 1 1 0.1 0.1 1 1 0.1 0.1
6 3 0.05 1 0.1500003 3 0.3 0.166667 0.15
7 3 0.15 0.5 0.225 3 0.3 0.25 0.225
8 2 0.25 0.5 0.25 2 0.4 0.3125 0.25
9 1 0.7 0.4 0.28 2 0.5 0.28 0.28
10 1 0.8 0.5 0.4 1 0.1 4 0.4
11 2 0.25 1 0.5 2 0.1 2.5 0.5
12 1 0.8 0.8 0.64 1 0.25 2.56 0.64
13 1 1 0.7 0.7 2 0.2 1.75 0.7
14 0.4 1 0.8 2 0.25 1.6 0.8
15 1 1 1 1 1 0.8 1.25 1
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