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Abstract: Numerical simulations were used to explore how
control rods affect the hydrodynamic forces and vortex-
induced vibration (VIV) in a square cylinder. These control
rods were placed close to the point of highest pulsating ve-
locity in the cylinder’s wake. Systematic analysis was con-
ducted using five control rods of different sizes and three dif-
ferent gap ratios, with the Reynolds number fixed at 100.
Through time-domain and frequency-domain experiments,
evaluation of the flow characteristics, and proper orthogonal
decomposition analyses, the physics governing the behavior
of a square cylinder with control rods was revealed. The re-
sults show that the arrangement of the control rods signifi-
cantly alters the VIV response of the square cylinder, where
effective control depends on the size and gap ratio of the
rods. Using the optimal control parameters, the maximum
reduction in the vibration amplitude, fluctuating lift coeffi-
cient, and mean drag coefficient are 83.10%, 78.13%,
and 28. 90%, respectively. These significant reductions are
attributed to the elongation and downstream shift of the
wake vortices caused by the control rods. Additionally, vor-
tices on the surface of the square cylinder merge with
counter-rotating vortices generated on the control rods, re-
ducing both the energy input from the fluid to the system
and the vortex shedding intensity. Consequently, a more
uniform pressure distribution is formed. Furthermore, sup-
pression of the square cylinder’ s peak vibration amplitude,
mean drag and fluctuating lift improves as the size of the
control rod increases. Proper orthogonal decomposition
analysis demonstrates that the first and second modes domi-
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nate the flow characteristics, and their conjugacy remains
consistent regardless of the presence of control rods.
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low-induced vibration (FIV) refers to the deforma-

tion or movement of a structure resulting from fluid
flow, highlighting the complex interaction between fluid
dynamics and structural behavior'*?. The investigation
of FIV in bluff bodies has long been a topic of interest in
fluid mechanics and structural engineering. Such phe-
nomena commonly occur in various engineering struc-
tures, including bridges, offshore risers, and high-rise
buildings, where they can pose significant safety risks.
Consequently, extensive research has been conducted to
elucidate the mechanisms underlying FIV, providing
valuable insights and references for addressing related en-
gineering challenges'®*.

FIV can be further classified into vortex-induced vibra-
tion (VIV), galloping, and flutter>®'. VIV is an interac-
tion phenomenon characterized by multiple degrees of free-
dom and nonlinear fluid-structure interaction, caused by
feedback coupling between alternating vortex shedding and
structural vibration as fluid flows around a structure'”’,
Williamson et al. '®' reviewed the literature and highlighted
the frequent observation of VIV in various bluff structures.
Kou et al. " also found that VIV can induce significant
structural vibration even at relatively low flow velocities.
Compared with galloping and flutter, VIV is more com-
mon and can easily lead to structural fatigue, posing risks
to structural safety. Consequently, considerable attention
has been devoted to investigating the underlying flow
mechanisms and developing effective control methods.

Circular or square cylinders are among the most exten-
sively studied bluff bodies, with numerous researchers
focusing on their VIV characteristics. For example,
Pastd''®’ explored the factors influencing the VIV re-
sponses of cylinders in laminar and turbulent flows, re-
vealing that the mass-damping parameter is not the sole
parameter affecting the responses. The Reynolds number
(Re) also plays a significant role. Kataoka''' examined
FIV of a square cylinder in a turbulent boundary layer
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and found that the negative damping effect occurs inter-
mittently; thus, the vibration amplitude of the square cyl-
inder fluctuates unpredictably over time. Sun et al. %
studied VIV in a square cylinder with shear flow having
two degrees of freedom, revealing that the shear ratio
and dimensionless speed significantly affect the vibration
pattern of the cylinder. Singh et al. '**’ explored VIV in a
square cylinder with a low Reynolds number (Re < 50)
and low mass ratio, demonstrating that VIV is feasible
under these conditions. They also observed that the maxi-
mum amplitude and phase difference are strongly influ-
enced by the dimensionless mass ratio, speed, and fre-
quency. The characteristics and influencing parameters
of VIV have been extensively investigated to facilitate
the development of control technologies.

Techniques for controlling VIV in bluff bodies can be
categorized as active and passive control, depending on
whether external energy input is required*. Active con-
trol techniques require energy input. Existing active mea-
sures include steady blowing and suction*>*®! | oscillatory
morphing surfaces’', synthetic jets*?', dual synthetic
jets® | and so on. These methods are characterized by
strong adaptability and high control efficiency. For in-
stance, Wang et al. % investigated a circular cylinder
with two degrees of freedom and examined the effect of
windward-suction-leeward-blowing (WSLB) on VIV
control. Their research demonstrated that the WSLB com-
bination is more effective than suction or blowing alone
and can suppress VIV in the cylinder more rapidly and ef-
ficiently. Chen et al. *®' experimentally evaluated the ap-
plication of suction in controlling VIV in a circular cylin-
der and found that the angular position () of the suction
holes crucially affects the control performance. The con-
trol effect was most pronounced at 90° or 270°, and the
lift-force fluctuations were reduced by up to 80%. Wang
et al. "*®! studied the effect of synthetic jets on VIV control
in circular cylinders. Under all controlled conditions, the
fluctuating lift coefficient was lower than in the uncon-
trolled case, and optimal control reduced it to nearly zero.

Although active control techniques are highly effective
in managing flow around bluff bodies, their reliance on
continuous energy supply and the associated maintenance
challenges limit their practical application in engineer-
ing'?’. In contrast, passive control methods offer advan-
tages such as low cost and ease of implementation and
are thus currently more widely used. Common passive
control techniques include the use of splitter plates-2
superhydrophobic coatings'®’ , helical grooves- ¥ |
flexible plates?®’, small rods'®’ , and flapping films'3.,
Sahu et al. "** evaluated circular cylinders equipped with
flow deflectors, where the flow deflectors significantly
reduced the amplitude of VIV in the cylinder and ex-
panded the lock-in range. Wang et al. '?’’ investigated
the effect of helical grooves on controlling VIV in a circu-
lar cylinder. They reported that for a circular cylinder

with a single degree of freedom, the amplitude of VIV
can be reduced by around 94. 4%, almost eliminating the
lock-in phenomenon. Hao et al. "% studied the impact of
triple helical grooves on VIV suppression in circular cyl-
inders through wind tunnel experiments. The grooves re-
duced the peak VIV by approximately 36% and narrowed
the lock-in range.

Among existing control techniques, control rods have
the advantages of a simple structure and easy installation,
thus demonstrating considerable application potential?.
Existing studies have shown that control rods can effec-
tively govern the vortex shedding of circular cylinders. Lu
et al. * explored the effect of the spatial arrangement of
control rods on VIV in circular cylinders. Their study indi-
cated that the angle of attack associated with different spa-
tial layouts is an important influencing parameter, and that
using four control rods provides more effective vibration
control than using three. Using numerical simulation,
Song et al. ** studied the influence of the number of con-
trol rods and the gap ratio on the vibration response of cir-
cular cylinders, demonstrating that the effectiveness of
multiple control rods for vibration control is closely re-
lated to the gap ratio and the angle of attack. When nine
control rods were arranged in the second symmetric con-
figuration with L/D = 1. 4-1. 5 (L is the distance between the
centers of the square cylinder and the control rod, and D is
the width of the square cylinder) , VIV in the circular cylin-
der was completely suppressed. Wu et al. ** investigated the
effects of control rods on VIV in circular cylinders with dif-
ferent gap ratios. The control rods exhibited superior effec-
tiveness in VIV control when the gap ratio was small, and the
control effect gradually weakened as the gap ratio increased.

Nevertheless, existing studies rarely address VIV con-
trol in square cylinders using control rods. As another typi-
cal bluff body, a square cylinder exhibits many distinctive
flow characteristics compared to circular cylinders. First,
the effect of the Reynolds number on the square cylinder is
more pronounced, and its flow characteristics and hydro-
dynamic forces are more strongly affected by the Reynolds
number. Second, the square cylinder is prone to gallop-
ing, which complicates vibration suppression. Lastly, the
flow around the square cylinder is susceptible to corner in-
terference®®’. Considering these characteristics, the effi-
cacy of control rods for VIV control in square cylinders
has not been studied, especially near the region of maxi-
mum pulsation in the cylinder wake.

This study employs numerical simulations to investi-
gate the influence of control rods on VIV in square cylin-
ders. A previous study demonstrated that placing control
rods near the region of maximum pulsation in the wake
of a circular cylinder can significantly delay vortex inter-
actions and enhance the stability of the shear layer "
Thus, in this study, control rods are strategically placed
near the region of the maximum pulsation in the wake of
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a square cylinder. First, the VIV characteristics of the
square cylinder are studied at a low Reynolds number
(Re = 100). The variation in the amplitude, mean drag
force, and fluctuating lift force of the square cylinder
with control rods at different reduced velocities is ana-
lyzed. The effects of controlling the hydrodynamic
forces and VIV of the square cylinder are examined. The
cases in this study are generally designed based on the ex-
perimental setup of Egitmen et al. *". Three gap ratios
and five control rod sizes are considered, resulting in 15
control cases. The effects of the gap ratio (L/D) and con-
trol rod size (d/D, where d is the diameter of the control
rod) on the efficacy of VIV control are systematically
studied. Moreover, three typical cases, including the
“Baseline” case and two cases with L/D = 2.0 and d/D =
0. 15 and 0. 35, are evaluated to analyze the fluid behav-
ior. Additionally, the proper orthogonal decomposition
(POD) method is used to extract and analyze the domi-
nant modes, enabling identification of the key factors af-
fecting the flow dynamics.

1 Physical Problem and Numerical Methods

1.1 Physical problem

In this study, the incoming flow velocity is kept con-
stant, and the Reynolds number is fixed at 100. The re-
duced velocity U, is defined as U, = U,/(f,D), where
f, is the natural oscillation frequency of the square cylin-
der. U, is varied from 2 to 14 by adjusting f.. Thus, the
maximum pulsation in the wake of the stationary square
cylinder at a given Re occurs at the position where L/D =
2. 0. Therefore, three gap ratios are selected, namely L/
D=1.5, 2.0, 2.5. For each gap ratio, five control rod
sizes are utilized as follows: 0. 15, 0.20, 0.25, 0. 30,
and 0. 35, as shown in Fig. 1. In the subsequent sections
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Fig. 1 Schematic diagram of control rod size and gap ratio for
each case. (a) Baseline; (b) Case 1; (c) Case 2; (d) Case 3;
(e) Case 4; (f) Case 5

of this study, unless otherwise specified, Baseline, Case
1, Case 2, Case 3, Case 4, and Case 5 represent the
tested cases corresponding to different control rod sizes.

1.2 Computational domain and framework validation

As shown in Fig. 2, the overall size of the computa-
tional domain is 75D x 50D. The inlet is defined as a ve-
locity inlet, located 25D to the left of the square cylin-
der. The side boundaries are located 25D from the center
of the square cylinder and are set as symmetric condi-
tions. The outlet is located 50D downstream of the
square cylinder and is defined as a pressure outlet. The
surfaces of the square cylinder and control rods are sub-
ject to no-slip boundary conditions. Specifically, the
square cylinder is a single-degree-of-freedom system ca-
pable of vibrating vertically, while the downstream con-
trol rods are fixed. k is the stiffness, which is not con-
stant and varies with U,, and c is the damping coefficient.
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Fig. 2 Schematic diagram of computational domain and

boundary conditions

This study employed overset and dynamic mesh tech-
niques to accurately capture boundary layer flows and ef-
fectively simulate the vibration of the square cylinder.
The grid distribution and local refinement near cylinder
walls are illustrated in Fig. 3. The computational domain
was split into a background and foreground grids, with
data exchanged via an overset boundary. The foreground

Fig. 3 Schematic diagram of the overall grid and local
near-wall grid
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region measured 16D x 8D. Key regions, including the
wake and the areas around the square cylinder and control
rods, were refinement to create the foreground grid, en-
abling precise capture of critical flow zones while allow-
ing independent movement of the foreground grid. To en-
sure reliable and accurate results, the first grid layer
height near the square cylinder and control rod walls was
set to 0. 01 mm to guarantee y* < 1, with a grid transition
growth rate of 1. 1 near the walls and 20 boundary layers.
A time step of 0. 02 s was chosen to balance the computa-
tional efficiency and solution accuracy™®.

The numerical framework was verified by selecting
three meshes with different grid numbers. Numerical
validation was conducted for the uncontrolled square cyl-
inder at Re = 100 and U, = 5. The grid information and
calculation results are presented in Table 1, including the
mean drag coefficient (C, ..,) , root-mean-square lift
coefficient (C, ,.,), Strouhal number (St), and root-mean-
square vertical amplitude .o~ Thedifferencesbetween the
calculation results corresponding to different grid quanti-
ties are negligible. Therefore, all three types of grids yield
sufficiently accurate results. Based on the computational
efficiency and result precision, the medium-density grid
was chosen for subsequent computations.

Table 1 Grid independence verification

Mesh  Elementnumber Re  C, . Cy . St Yims
Coarse 100 300 100 066 205 015 0.21
Medium 123 000 100 068 205 015 0.22
Fine 149 000 100 068 204 015 0.21

The lift coefficient, drag coefficient, Strouhal num-
ber, dimensionless amplitude, and reduced velocity are
denoted as C,, C,, St, y, and U,, respectively, and are
defined as follows:

2F
© =0t (1)
pU.
2F,
Cd:pUZD (2)
St:L—D (3)
Y
y:B (4)

where F, and F, are the forces in the y and x directions,
respectively; p is the fluid density; f is the vortex shed-
ding frequency of the square cylinder; and Y is the verti-
cal displacement of the square cylinder.

To further validate the developed numerical frame-
work, we selected the same parameters as used by Zhang
et al. *®' and Bearman'®’ for comparison. Fig. 4 presents
Yms OF the square cylinder under uncontrolled conditions.
Yms INitially increases with U,, peaks at U, = 5, and then
gradually decreases. The numerical results show good

0251

—=— Present results
—e— Zhang et al. ®”
0.20 - —¥— Bearman™”
0.15F
g

> 0.10f
0.05
0 -
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U,
Fig. 4 \Variation of y,, for an uncontrolled square cylinder

agreement with those reported by Zhang et al. **/ and
Bearman““®!, which further verifies the accuracy and reli-
ability of the numerical framework.

1.3 Numerical methods

The single-degree-of-freedom motion in the cross-flow
direction adheres to Newton’ s second law of motion.
Modeling is performed using a linear mass-spring-damper
system. The equation of motion for this system can be
written as

mY + cY + kY = F,(t) (5)
where m denotes the structural mass with a fixed value of
0.235 5 kg. The damping coefficient c is set to zero.
Here Y, Y, Y correspond to the acceleration, velocity,
and position of the square cylinder, respectively.

This study uses ANSYS Fluent software to solve the
Navier-Stokes (N-S) equations. The two-dimensional,
incompressible, unsteady N-S equations are expressed as

ou av

T4+ =

22 b 0 (6)

2 2

87u+uﬂ+vﬂ:_£%+& 87U+ﬂ (7)
ot da ob poa ploa® 9b?
au au au 1ap  pfo*v &%
tU—+y—— == BT 7 8
ot ga  ab p b p(aa2 ab? (8)

where a and b are coordinates in the streamwise and
cross-flow directions, respectively; u and v represent ve-
locity components in the x and y directions; t is the flow
time; p denotes the pressure. Given the Reynolds num-
ber of 100, the laminar model is utilized. To ensure com-
putational accuracy, the discretization scheme is set to
the second-order upwind scheme.

2 Results and Discussion

2.1 VIV response and hydrodynamic characteristics

As illustrated in Fig. 5, the variations in 'y, .., Cy a0
and C, ., for the square cylinder with reduced velocity are
compared for cases with and without control. As indi-
cated in Fig. 5(a), under the uncontrolled condition, y,..
of the square cylinder first increases and then decreases
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with increasing reduced velocity, peaking at 0.222D
when U, = 5. After installation, all five control rods of
varying sizes effectively suppress the VIV amplitude of
the square cylinder within the lock-in region, indicating
their applicability. Figs.5(a), (d), and (g) reveal that
the vibration suppression effect is related to the specifica-
tions of the control rods. As the size of the control rod
gradually increases from 0.15D to 0.35D within the
lock-in region, the VIV suppression effect is progressively
enhanced. The maximum suppression effect reaches
83. 10% in the case of L/D = 2.0 and d/D = 0. 35. Note
that for larger control rods, at higher reduced velocities,

the vibration amplitude in the square cylinder sharply in-
creases with U,, which may indicate the occurrence of gal-
loping**. This observation indicates that although larger
control rods can effectively suppress the VIV resonance in
the square cylinder at lower U,, they may induce gallop-
ing at higher U,, requiring caution in practical engineering
applications. The occurrence of galloping is also influ-
enced by the specifications of the control rods. A compari-
son of Figs. 5(a), (d), and (g) shows that increasing the
gap ratio effectively suppresses the galloping phenom-
enon in the square cylinder, indicating that the gap ratio
also plays a significant role in controlling galloping.
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Fig. 5 Effects of control rods with different gap ratios and sizes on controlling VIV in the square cylinder. (a) y,,, L/D = 1.5;
(b) Cy pewn» LID=1.5; (¢) C, s LID=1.5; (d) ¥, LID=2.0; (&) Cy oy LID=2.0; (f) C i, LID=2.05 (@) Ype» LID =
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As shown in Figs. 5(b), (e), and (h), at a fixed gap
ratio, the C, .., of the square cylinder first increases and
then decreases as U, increases, reaching its maximum at
U, =5. Comparison of C, .., before and after control un-
der different reduced velocities reveals a consistent reduc-
tion. Focusing on the effect of control on suppressing the
peak Cy - itis found that the best drag reduction effect
is achieved in Case 5 with L/D = 2.5, with a maximum
reduction of 28.90%. After installing the control rods,

C4 mean OF the square cylinder is suppressed to varying de-
grees across different reduced velocities. This demon-
strates that control rods of various sizes are effective in
reducing drag, further validating the effectiveness of this
passive control method.

As observed in Figs. 5(c), (f), and (i), the C,  val-
ues for the selected cases correspond to values at various
reduced velocities. For the Baseline case, the overall
trend of C, .., with U, is similar to that of the VIV ampli-

I_rms
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tude and mean drag, but with some differences: Before
U, =5, C, increases as the velocity decreases, and
reaches a maximum at U, = 5. For U =5-7, the C . of
the square cylinder decreases gradually but increases
slightly in the range of U, = 7-14. As observed in
Figs.5(c), (f), and (i), after introducing the control
rod, the peaks of C, . are significantly suppressed, with
the maximum reduction in C, s reaching 78. 13% at L/
D =1.5and d/D = 3.5. Except for Case 5, for which

C, s exhibits a downward trend at L/D = 1.5 and L/D =
2.0 (specifically, C, . follows a downward trend for
U, =10-14), C, ,,, remains invariant relative to the Base-

line case. For U, = 10-14, C, . for the square cylinder is
suppressed in all cases excef)t for Case 5 at L/D = 1.5
and Cases 4 and 5 at L/D = 2.0, where it is larger than
that of the uncontrolled case.

2.2 Analysis of energy input and power spectral
density

The time-histories of y and C, for the square cylinder in
the controlled and uncontrolled configurations are pre-
sented in Fig. 6. For the square cylinder, y and C, de-
crease after installing the control rod. At U, = 5, the

time-history curves for all controlled cases exhibit an
overall similar trend: C, is in phase with y. A compari-
son of Figs.6(a), (d), and (e) reveals that the peak
points of the time-history curves for y and C, of the
square cylinder are significantly reduced after control.
Thus, Cases 1 and 5 with L/D = 2. 0 are selected as repre-
sentative cases for further analysis of the energy input.
According to the definition of energy input for a vibrat-
ing system proposed by Dong et al. ">/, within one vibra-
tion cycle, the dimensionless energy input to the system
by the fluid is denoted as W, which is defined as follows:

1 nT .
w :ﬁjo C, (t)Vdt (9)

where n is the number of cycles, which is not less than
20; T represents the vibration period; C,(t) denotes the
instantaneous lift coefficient of the square cylinder.

As shown in Figs. 6(d) and (e), the phase difference
between y and C, remains unchanged, but the lift force
acting on the system decreases significantly. According
to the definition of W, the energy input from the fluid to
the system is reduced, as illustrated in Fig. 7, which ulti-
mately leads to a decrease in the vibration amplitude in
the square cylinder. W decreases gradually as the size of
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Fig. 6 Time-history curves of C, and y for selected cases at U, =5. (a) Baseline; (b) L/D =1.5, Case 1; (c¢) L/D =1.5, Case 5;

(d)L/ID=2.0, Case 1; (e) LID=2.0, Case 5; (f) L/ID=2.5, Case 1; (g) LID=2.5, Case 5
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Fig. 7 Work done over one cycle for selected cases at U, = 5
(L/D=2.0)
the control rod increases. Thus, vy, decreases with in-
creasing control rod size, as illustrated in Fig. 5(a).
Analysis of Fig. 5 indicates that galloping may occur
in Case 5 with gap ratios L/D = 1.5 and L/D = 2.0 at
U, = 14. Therefore, the phase characteristics of typical
cases at high reduced velocities are also analyzed, spe-
cifically Cases 1 and 5 with three gap ratios at U, = 14.
As shown in Fig. 8 (a), under the uncontrolled condi-
tion, C, and y adopt anti-phase configurations, which

means the structure is only accelerated by the lift when it
moves toward the equilibrium position (Y = 0), thereby
suppressing vibration of the cylinder. By comparing the
values of C, and y at different moments in Figs. 8 (b) ,
(d), and (f) with those in Fig. 8(a), it is found that af-
ter the application of control, the phases of C, and y re-
main in-phase, but the peak of C, is significantly re-
duced. The vibration suppression mechanism is similar
to that at U, = 5. The decrease in C, reduces the work
done, and the vibration amplitude in the square cylinder
decreases accordingly. The results in Figs. 8(c) and (e)
indicate that the phases of C, and y shift from anti-phase
to in-phase when d/D = 0. 35. This indicates that C, pro-
motes an increase in y, leading to a “positive feedback”
mechanism between the structure and the fluid, which in
turn triggers structural galloping'*“4. Another factor
causing galloping is observed in Figs. 8(c) and (e). C,
increases when galloping occurs. According to the en-
ergy input mechanism proposed by Dong et al. “?', the
work done by the fluid increases, thereby increasing y
for the square cylinder, as shown in Fig. 7.
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As depicted in Fig. 9, the PSDs of C, and y reflect the
vortex shedding and vibration frequencies for selected

20
tls

30

(g)
Fig. 8 Time-history curves of C, and y for selected cases with U, = 14. (a) Baseline; (b) L/D = 1.5, Case 1; (¢) L/D = 1.5,
Case 5; (d) L/ID=2.0, Case 1; (e) LID=2.0, Case 5; (f) L/ID=2.5, Case 1; (g) L/ID=2.5, Case 5

cases at a gap ratio of L/D = 2. 0. Both the horizontal and
vertical axes are presented on logarithmic scales. The ab-
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scissa at the peak value represents the primary vibration
frequency, and the corresponding dominant frequency is
highlighted in the figure. After installing the control
rods, the dominant frequency of the square cylinder de-

creases and continues to decrease as d/D increases. This
indicates that the control rods influence the vortex shed-
ding frequency, thereby altering the vibration frequency
of the square cylinder-*".
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Fig. 9 Spectra of typical cases at L/D =2. 0 and U,= 5. (a) Baseline; (b) Case 1; (c) Case 2; (d) Case 3; (e) Case 4; (f) Case 5

2.3 Flow dynamics

To elucidate the underlying physics by which control
suppresses VIV and hydrodynamic forces, the velocity,
vorticity, and pressure distributions around the cylinder
are evaluated for selected cases, as shown in Figs. 10-13.

Fig. 10 shows the horizontal velocity contour of the
square cylinder over one vibration cycle at L/D = 2. 0 and
U, = 5 for 0, T/4, T/2, and 3T/4, which correspond to
the instants when the square cylinder is at the equilibrium

position (Y = 0) while moving upward, at the highest po-
sition (Y =Y,,) , at the equilibrium position (Y = 0)
while moving downward, and at the lowest position
(Y =-Y,,) . respectively. X and Y in the figure are di-
mensionless coordinates. The velocity field distribution
is represented by the dimensionless horizontal velocity
U*, where U" = U/U_. During the movement of the
square cylinder from 0 to T/4, vortices form and are then
shed from the upper surface of the square cylinder. In

Fig. 10 Velocity contour distribution at L/D = 2. 0 and U, = 5. (a) Baseline; (b) Case 1; (c) Case 5
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Fig. 11 Velocity contour distribution at L/D = 2. 0 and U, = 14. (a) Baseline; (b) Case 1; (c) Case 5
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Fig. 13 Pressure contour distribution at L/D =2. 0 and U, =5. (a) Baseline; (b) Case 1; (c) Case 5

comparison, the control rods accelerate the movement of ~ square cylinder and decreasing the energy input to the
the vortices away from the surface of the square cylin-  system, in accordance with the phenomenon observed in
der, reducing the duration of the vortices’ action on the  Fig. 7.
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As the size of the control rod increases, the vortex for-
mation length increases, causing the vortices to move far-
ther away from the cylinder surface. This reduces their
interference with the cylinder surface, thereby enhancing
the control efficiency'*®’. Fig. 10 further illustrates that
although the range of the negative velocity region ex-
pands after implementing control measures, the mini-
mum velocity in this region increases significantly,
thereby decreasing the absolute value of the negative ve-
locity. This observation indicates that compared to the
uncontrolled case, the velocity distribution becomes
more uniform after control. The control rod significantly
alters the characteristics of the velocity distribution, ef-
fectively suppresses the development of low-velocity
fluid in the wake region, and enhances the stability of the
flow wake.

As shown in Fig. 11, the velocity contours for the
Baseline, Case 1, and Case 5 are presented at L/D = 2.0
and U, = 14. For the Baseline case, two vortices are gen-
erated and shed within one vibration cycle. In compari-
son, four vortices are generated and shed within one vi-
bration cycle in Case 5. Relative to the Baseline case,
this represents a significant increase in the number of vor-
tices shed per cycle, indicating greater energy input to
the square cylinder. Thus, the vibration amplitude in the
square cylinder increases, which is one of the factors
contributing to galloping"*"".

The instantaneous vorticity contours over one vibration
cycle for the Baseline, Case 1, and Case 5 for L/ID = 2.0
and U, = 5 are presented in Fig. 12. Fig. 13 shows the in-
stantaneous pressure contours at the same moments and
for the same cases as in Fig. 12. As shown in Fig. 12, in
the Baseline case, shear layers alternately appear on the
surface of the square cylinder before rolling up to form a
Karman vortex street with a “2S” shedding pattern.
However, with small cylinders installed, the shear layers
on the surfaces of the square cylinder collide with those
on the surfaces of the small cylinder, suppressing
rolling-up of the shear layers and extending the vortex
formation length. Corresponding to the pressure field in
Fig. 13, after implementing control, the pressure in the
upstream region of the square cylinder remains un-
changed, while the absolute value of the negative pres-
sure in the downstream region decreases. This indicates
a reduction in the horizontal pressure difference across
the square cylinder, which in turn decreases C, .., CON-
sistent with the phenomenon shown in Fig.5_(e). As
shown in Fig. 13, when the square cylinder moves to the
highest position, the negative pressure region on its up-
per surface is larger than that on the lower surface, result-
ing in an upward force. Similarly, when it moves to the
lowest position, a downward force is exerted, consistent
with the observations in Figs. 6 (d) and (e). The pres-
sure distribution becomes more uniform in Cases 1 and

5, where the pressure difference between the upper and
lower surfaces is reduced, weakening the upward or
downward forces acting on the square cylinder during its
motion and thus causing significant reductions in both its
vibration amplitude and the fluctuating lift force. This ex-
plains the decrease in vy, and C, . observed in Figs. 5
(d) and (i) ; namely, the control rod can significantly
suppress the peaks of y, . and C . [*". As shown in
Fig. 12, in Cases 1 and 5, the control rod generates vorti-
ces during one vibration cycle of the square cylinder.
When the square cylinder is at 0, the shear layer on the
upper surface of the control rod rolls up to form a coun-
terclockwise vortex, while a clockwise vortex is gener-
ated on the lower surface. In contrast, the vortices shed
from the surfaces of the square cylinder rotate in opposite
directions: a clockwise vortex forms on the upper sur-
face, while a counterclockwise vortex forms on the
lower surface. As the square cylinder moves from 0 to T/
4, the vortex on its upper surface interacts with the vor-
tex generated on the upper surface of the control rod. Be-
cause of their opposite rotation directions, the intensity
of the original vortex on the upper surface of the square
cylinders weakens after interacting with the vortex from
the control rod. Similarly, as the square cylinder moves
from T/2 to 3T/4, the intensity of the vortex on its lower
surface is also reduced by the counter-rotating vortices
produced by the control rod'**°’. Ultimately, the vorti-
ces generated by the control rods, which rotate in direc-
tions opposite to those in the square cylinder’s wake, in-
terfere with the evolution of the vortices. This interaction
provides an effective mechanism for controlling VIV
from a fluid perspective, further confirming the advan-
tages and potential of this control method in suppressing
such vibration.

Existing studies have indicated that the magnitude of
C, e reflects the intensity of vortices'®*. The C, .. in
Case 5 is smaller than that in Case 1, suggesting that the
vortices in the wake of the former are weaker than those
of the latter (Fig. 5(i) ). As shown in Fig. 12, when the
size of the control rod increases from d/D = 0. 15 to d/
D = 0. 35, the vortex formation length increases signifi-
cantly. Thus, the vortices develop further downstream,
and their interference with the surface of the square cylin-
der becomes weaker. Therefore, as the size of the con-
trol rod increases, the vortex formation length increases
significantly, the intensity of the vortex weakens, and
the interference with the cylinder surface diminishes,
leading to a gradual improvement in the control effect*”".

2.4 Proper orthogonal decomposition analysis

POD is an order reduction tool for analyzing complex
flow fields, which offers an efficient framework for ana-
lyzing coherent structures in wake flows'®*%*'. Since
Lumley'®* first introduced POD into the field of fluid me-
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chanics, POD analysis has been widely used for identify-
ing coherent structures in flow fields and extracting the
dominant modes governing the flow fields.

The POD method was employed to analyze the Base-
line, Case 1, and Case 5 at L/D = 2. 0. Fig. 14 illustrates
the energy distribution for the first 25 modes, with the
abscissa denoting the mode number and the ordinate rep-
resenting the energy contribution of each mode relative to
the total energy. As indicated in Fig. 14, in all cases,
the first few modes account for a large proportion of the
energy, while the energy contribution decreases rapidly
with increasing mode number. The installation of the
control rod leads to the redistribution of the energy contri-
bution of each mode. For the Baseline case, the
first-order mode accounts for 51% of the energy. After
introducing the control rod, the corresponding values are
51. 7% and 50. 5% for Cases 1 and 5, respectively, indi-
cating little variation. In contrast, the energy contribu-
tion for the second-order mode changes considerably, in-
creasing from 38% in the Baseline case to 44.3% and
44.5% for Cases 1 and 5, respectively. Consequently,
the first two modes account for more than 90% of the to-
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tal energy. As such, these first two modes are the pri-
mary contributors to the main fluid structure. Accord-
ingly, it is tentatively postulated that the control rods pri-
marily influence the characteristics of the first two modes
in the flow field, thereby inducing changes in the overall
flow dynamics'®>*®'. Based on the quantitative energy
proportion of each mode, the first four modes collec-
tively account for 95% of the total energy across all three
cases, which is sufficient for analyzing the major flow
characteristics of the fluid. Therefore, an in-depth analy-
sis was performed for these four dominant modes.

Fig. 15 shows the distribution characteristics of the
fluid energy in terms of the frequency, with logarithmic
coordinates on the vertical and horizontal axes. The peak
frequency corresponds to the dominant frequency of the
mode, while the number and amplitude of peak points in-
dicate the degree of energy concentration. The energy
distributions of the 1st and 2nd POD modes are concen-
trated for the three cases, whereas the peaks of the 3rd
and 4th POD modes are relatively scattered with lower
amplitudes. Comparison of the data in Figs. 8(a), (c¢),
and (d) shows that the dominant frequency of vortex
shedding aligns well with that of the 1st- and 2nd-order
modes. Examination of the PSD curves of each mode re-
veals that the 1st- and 2nd-order modes are consistently
conjugated, indicating that the dominant frequency of the
vortex remains governed by a single frequency after con-
trol. As shown in Figs. 5(a), (d), and (e), the 3rd-
and 4th-order modes display conjugate distribution with
small control rods (Case 1) but lose conjugacy when
the control rods are excessively large (Case 5). Because
low-order modes largely govern vortex shedding and the
influence of high-order modes is negligible, variations in
the conjugacy of the 3rd- and 4th-order modes do not af-
fect the vortex shedding frequency'®’".
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Fig. 15 Power spectral density of the first four POD modes of the square cylinder at L/D = 2. 0 and U, = 5. (a) Baseline; (b) Case

1; (c) Case 5

Fig. 16 presents the vorticity distributions of the first
four POD modes, along with a comparison among the
three cases under the conditions of L/D = 2. 0 and U, = 5.
The vorticity contours of the POD modes effectively re-
veal the spatial characteristics of the flow field. As

shown in Fig. 16, in all three cases, both Modes 1 and 2
exhibit large-scale, periodically alternating vortex pair
structures that closely resemble the classic Ka&rman vor-
tex street. Based on the principle that low-order POD
modes dominate the fundamental characteristics of the
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flow field, and considering the variation in the energy
distribution among different modes, a detailed compari-
son of the vortex structures in the first two modes before
and after implementing control is presented. The applica-
tion of the control rod does not change the overall pattern
of vortex shedding but significantly alters the spacing be-
tween vortices. In the Baseline case, the streamwise
length'®) of the vortex in the first mode is 1.8D
(Fig. 16). Under the effect of the small control rod, the
streamwise length of the vortex stretches to 2. 8D, and
with the larger control rod, it is further elongated to
3.4D. The second mode shows a similar trend with an
even more remarkable variation. The streamwise length
of the vortex increases from 1. 8D in the Baseline case to
3.2D and 3. 6D for Cases 1 and 5. This variation aligns
well with the extended vortex formation length observed
in the flow field, demonstrating that the control rod oper-
ates by modifying the spatial scale of the vortices. The
observed phenomenon is consistent with that presented in
Fig. 12.

In contrast, Modes 3 and 4 exhibit fragmented,
multi-scale vortex structures with significantly lower en-
ergy proportions, primarily reflecting the nuances of the
local flow. In summary, low-order modes dominate the
macroscopic core flow mechanism, whereas high-order
modes reflect secondary details. Implementation of the
control rod mainly modifies the characteristics of the
shear layer by regulating the vortex structures in
low-order modes, thereby suppressing VIV in the square
cylinder. In contrast, the high-order modes play an auxil-
iary role and have a relatively minor impact on the over-
all flow dynamics'®,

10
X
(b)
Fig. 16 Vorticity distribution of the first four POD modes at L/D =2. 0 and U, =5. (a) Baseline; (b) Case 1; (c) Case 5

3 Conclusions

This study investigated the effectiveness of control
rods in suppressing VIV and hydrodynamic forces in a
square cylinder. The influence of the size of the control
rod and the gap ratio on the amplitude and hydrodynamic
forces experienced by the square cylinders was evaluated
through flow dynamics and POD analyses, revealing the
underlying control mechanisms. The main conclusions
are as follows:

(1) Installing control rods can significantly reduce the
VIV amplitude, where the vibration suppression effect is
closely related to both the size and spacing of the rods.
Optimal control is achieved at L/D = 2.0 and d/D =
0.35, where the maximum suppression rate of y,.
reaches 83. 10%. C, ... iS reduced by up to 28. 90% at L/
D = 2.5 and d/D = 0. 35, while the maximum reduction
in C, s reaches 78.13% at L/D = 2.0 and d/D = 0. 35.
For a fixed gap ratio, the control efficacy increases with
the size of the control rod. However, at high reduced ve-
locities, larger control rods may cause the amplitude of
the square cylinder to increase with the reduced velocity,
potentially triggering galloping.

(2) Time-domain and frequency-domain analyses re-
veal that at U, = 5, the control rod does not alter the
phase relationship between y and C, but significantly re-
duces the lift force acting on the system. This reduction
decreases the work done on the system by the fluid, ulti-
mately reducing the vibration amplitude of the square cyl-
inder. At U, = 14, however, the control rods alter the
phase between y and C,, inducing the “positive feed-
back” mechanism between the structure and fluid, which
triggers structural galloping.
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(3) Observations of the wake fluid in the square cylin-
der reveal that the control rods suppress the development
of low-velocity regions in the wake, resulting in a more
uniform velocity distribution. The vortex formation
length in the wake increases and moves away from the
cylinder surface, thereby reducing the forces exerted on
the cylinder. The control rods generate vortices that ro-
tate in the opposite direction to those on the correspond-
ing surface of the square cylinder. The interaction of
these vortices weakens the intensity of the vortices on the
surface of the square cylinder. This ultimately suppresses
Yims @nd C, .. Additionally, the pressure distribution in
the wake becomes more uniform, with a significant re-
duction in the negative pressure zone. These changes in
the pressure distribution provide a basis for the excellent
drag reduction achieved by the control rods.

(4) POD analysis reveals that Modes 1 and 2 domi-
nated the fluid with and without control, indicating their
dominant role in vortex shedding in the square cylinder.
The application of control rods primarily increases the
vortex formation length by lengthening the vortex in the
first two modes. Furthermore, the vortex shedding fre-
quencies of the first two modes are conjugated and are
consistent with the actual vortex shedding frequency.
These observations confirm that low-order modes domi-
nate the flow field characteristics, with high-order modes
playing an auxiliary role.

This study has certain limitations. First, this work fo-
cuses on relatively low Reynolds numbers; it does not
account for higher regimes where inertial effects become
dominant. Subsequent studies will explore these higher-
Reynolds-number conditions to broaden the scope of the
findings. Furthermore, the influence of three-dimensional
effects is neglected in this study; thus, subsequent re-
search will focus on three-dimensional calculations. Fi-
nally, this study investigates only the effect of a single
method for controlling VIV. In future research, we will
explore the differences in the control mechanisms of
other control methods and control rods, and seek a com-
posite control strategy based on the synergistic effects of
such mechanisms.
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