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Abstract — This work investigates a passive flow control method to mitigate vortex-induced vibration (VIV) by introducing a slit into
a circular structure. The impact of varying slit sizes on the behaviour of a cylinder subjected to VIV is investigated across different
reduced velocities (Ur) at a Reynolds number (Re) of 100. The size of the slit (S/D) is adjusted from 0 (without slit) to 0.1 & 0.2, where
S corresponds to the width of slit & D the cylinder diameter. The mass and damping ratios are fixed at m* = 10 and { = 0.005, respectively,
while Ur is varied from 2 to 10. The numerical analysis is conducted using Ansys/Fluent, incorporating mesh motion to consider cylinder
vibration. The outcomes are presented in terms of vibration amplitude & frequency, drag & lift coefficients, Strouhal number, and
vorticity contours. The findings suggest that the slit reduces lift and drag coefficients, effectively suppressing VIV. Examining maximum
vibration amplitude, a 10% slit results in a 5.16% decrease, whereas a 20% slit leads to a substantial 34.27% reduction compared to a
solid cylinder.

Keywords: Elastically mounted cylinder; Vortex-induced vibrations; Passive flow control; Slit effect; Lift & Drag;
Computational fluid dynamics (CFD).

1. Introduction

The phenomenon of vortex-induced vibrations (VIV) has long been a subject of interest and concern in engineering and
fluid dynamics, particularly when considering the structural integrity of cylindrical bodies exposed to flowing fluids [1]. VIV
refers to the oscillations induced in a structure due to the unsteady shedding of vortices in its wake [2], [3], a phenomenon
that can lead to fatigue and potential structural failure [4], [5]. To address this challenge, engineers and researchers have
explored various strategies for mitigating VIV, and one such promising avenue is the use of passive control techniques [6].
Among these techniques, the incorporation of slits into cylindrical structures has emerged as a noteworthy and effective
means of controlling vortex-induced vibrations [7].

Passive control methods are particularly appealing in fluid dynamics because they harness naturally occurring
phenomena to modify the flow around a structure, mitigating undesirable effects without the need for active energy input
[8]-[11]. In the context of vortex-induced vibrations, passive control techniques seek to alter the characteristics of the vortex
shedding process, thereby reducing the forces and vibrations experienced by the structure [12]-[14]. The introduction of
slits, or openings, in a cylindrical structure represents a subtle yet powerful approach to achieve this control [15]. The essence
of the passive control technique involving slits lies in its ability to influence the fluid flow around the body, disturbing the
formation of vortexes and subsequently mitigating the induced oscillations [16]. The slits act as flow modifiers, introducing
deliberate disturbances that interact with the vortices in the wake, altering their characteristics and, in turn, minimizing the
adverse effects of VIV [17].

Slits in a circular cylinder passively control vortex-induced vibrations, with crucial parameters being slit angle and slit
width. Previous research [18] found that for a stationary slitted cylinder, an inclination angle of 30° maximizes lift force,
with a decrease beyond 30° due to reduced flow within the slit. Drag is minimized at 0° inclination, increasing until 60° and
then remaining constant. The horizontal slit outperforms other angles in terms of least drag and lift. Verma et al. [19] explored
diverging and converging slit nozzles at Re = 500, with the parallel slit proving most effective. Baek and Karniadakis [20]
found optimal slit width ratio (S/D) to be 0.16 at Re =500 and 0.12 at Re = 1000. Karasu [21] implemented slits on a diamond
structure at Re = 8.6x10°, finding weak suppression at S/D = 0.07 and reduced shear layer thickness with increased slit width.
Igarashi [22] studied the effect of slit at high Reynolds numbers (13.8x10° to 52x10?), observing injection flow for 0° to 40°
and boundary layer interaction for 60° to 90° slit inclination. Another study [23] found that larger slits at higher Reynolds
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numbers increase drag and vortex shedding frequency. In another work, Mishra and De [24] examined the flow within
the slit for Reynolds numbers varying between 100 and 500. They tested slits with S/D < 0.25, and reported that for Re
<300, periodic vortex shedding occurs for all slit sizes, while for Re higher than 300, and S/D greater than 0.15 irregular
vortex shedding appear in the wake.

The exploration of passive control techniques, specifically the incorporation of slits, presents a compelling avenue
for mitigating vortex-induced vibrations in cylindrical structures exposed to fluid flow. The present study delves into
the application and effectiveness of this technique to control vortex-induced vibrations in a circular structure. The
investigation aims to reveal how varying the size of these slits influences the behaviour of a cylinder subjected to flow-
induced vibrations. This exploration is conducted across different reduced velocities (Ur) at Re = 100. This study
systematically adjusts slit width ratio, examining the impact of this variation on critical parameters such as vorticity,
drag & lift, and vibration frequency & amplitude. The methodology, findings, and implications for practical applications
are discussed in subsequent sections.

2. Numerical Method
2.1. Problem Description

As shown in Fig. 1, the considered problem involves the interaction of an elastically mounted cylinder with external
fluid flow, where the cylinder has a diameter (D) and moves exclusively in crossflow direction. Flow is considered
laminar, incompressible, and transient. At Re equal to 100, the cylinder is subjected to the flow at various reduced
velocities to assess the impact of a slit on both the amplitude & frequency of VIV. Fig. 1 illustrates a cylinder
incorporated with a horizontal slit in line with the direction of flow. The diameter of the cylinder and the width of the
slit are denoted as D and S, respectively. The computational setup encompasses a circular two-dimensional (2D) domain
with the cylinder at its centre. The domain size is 50 times the cylinder diameter, ensuring a comprehensive capture of
the downstream vortex-shedding pattern. To prevent domain boundaries from affecting the cylinder response, a blockage
ratio of 2% is maintained in the computational domain [25], [26]. Fluid forces are linked to transverse (y-direction)
displacement of the cylinder using a user-defined function (UDF), enabling one-degree-of-freedom oscillation. Ansys
Fluent employs “smoothing dynamic mesh technique” for cylinder oscillations. Second-order upwind methods are used
for solving the continuity and momentum equations, with convergence criteria of 1x10°. The runs continue until
recurring periodic patterns are noted in drag and lift coefficients, along with transverse vibration. In transient analysis,
the time step is chosen in such a way that the Courant—Friedrichs—Lewy (CFL) number < 1, ensuring accuracy and
stability [27]. The Reynolds number is kept constant at Re = 100 by keeping a fixed inlet velocity in the streamwise
direction. The outlet side implements a free boundary condition with zero gage pressure. The structure is treated as a
rigid body, and the surface of the cylinder is imposed to a no-slip boundary condition. For numerical analysis, damping
ratio ({) is chosen as 0.005 and mass ratio (m*) is set at 10.

St

(b)

Fig. 1: (a) Visualization of the flow domain, and (b) discretized mesh for a slitted cylinder.

ENFHT 298-2



2.2. Mathematical Formulation
The Navier-Stokes equations govern fluid flow, comprising the conservation of mass and momentum in the planar

direction, disregarding the influence of gravity. Thus, the 2D governing equations take the form:

du;

(1)

) —
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The initial two components in the momentum equation (Eq. 2) denote local and advective acceleration, whereas the final
component signifies viscous forces. The lateral displacement of the cylinder is calculated from the following equation:

mY + cY + kY =F, (3)

The damping coefficient (c) and the natural frequency (f,) of the cylinder is given by:

¢ = 2Wkm “4)
= % % (5)

The dimensionless quantities are expressed as:

Uo,D
Reynolds number, Re = > (6)
. U
Reduced velocity, Ur = ﬁ (7)
n
. . _ 2F
Lift coefficient, C, = SUZD ®)
Mass ratio, m = Dlinder )
Mfluid

2.3. Model Validation

In exploring the vibrational dynamics of a solid cylinder, the dimensionless vibration amplitude (Y/D) and the
normalized vibration frequency (fy/fn) are matched to the work of Wanderley & Soares [28], as visually represented in Fig.
2. The structural characteristics are defined by m* = 1.88 and { = 0.00542, maintaining a Reynolds number of 100. Fig. 2
presents a clear side-by-side comparison, confirming the consistency between our results and what is documented in the
existing study. This strongly supports the dependability of the fundamental model used for subsequent investigation.
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Fig. 2: Model validation at Re = 100 with m* = 1.88 and { = 5.42x107.

3. Results & Discussion

Fig. 3a presents the root mean square (RMS) of nondimensional vibration amplitude (Y/D), while Fig. 3b displays
the ratio of vibration frequency to the natural frequency of the structure (fy/fn). The results of the slitted cylinders having
slit ratios (S/D) of 0.1 and 0.2 are compared with the solid cylinder (S/D = 0) across varying Ur (2 — 10). The overall
pattern of Y/D concerning Ur remains constant with and without the slit. As Ur increases, the vibration amplitude goes
up, peaking at Ur = 6, and declines with further increments in Ur. Notably, at Ur = 6 the cylinder experiences substantial
vibrations due to the lock-in condition, where fy/fn = 1. Comparing to the solid cylinder, introducing a 10% slit lowers
the highest amplitude by 5.16%, whereas a 20% slit leads to a significant 34.27% decrease. These results suggest that a
10% slit is insufficient to significantly disrupt downstream vortex shedding patterns, while a 20% slit enhances the
disturbance by letting larger amount of fluid to pass through it disrupting the wake.

With increasing Ur, fy/fn generally rises and reaches 1, indicating lock-in, especially at reduced velocity of 6. At
S/D = 0 & 0.1, the cylinder stays in lock-in until reduced velocity of 8, whereas the cylinder with S/D = 0.2 only
experiences lock-in at reduced velocity of 6. Beyond this point, the cylinder exits the lock-in condition, and fy/fn
continues to increase with rising Ur.
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Fig. 3: (a) Root mean square (RMS) of dimensionless vibration amplitude (Y/D), and (b) vibration frequency normalized with the
natural frequency (fy/f,).
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In Fig. 4a, the root mean square (RMS) of the coefficient of lift (Cv) is displayed. The periodic shedding of shear layers
from the surface of the cylinder results in a periodically fluctuating lift force. Observing Fig. 4a, it becomes apparent that a
10% slit causes a slight deviation in Cy. but increasing the slit width to S/D = 0.2 leads to a significant variation in Ct.

The Cy. for solid cylinder and the cylinder with S/D = 0.1 is comparable, exhibiting an increasing trend as Ur increases
increases until reaching max at Ur = 4. Subsequently, there is a decline in Cr, reaching a minimum at Ur = 8, followed by
another rise on Ur = 10. Contrasted with the cylinder with no slit, the root mean square of Cy. is lower for S/D = 0.1 at Ur =
2. Max occurs at Ur = 4 with a similar value of Cy. for both S/D =0 and 0.1. At high Ur values (6 & 8), the lift coefficient
for the 10% slitted cylinder surpasses that of the solid cylinder.

The lift coefficient for a cylinder with a slit size of S/D = 0.2, is considerably lower than both a solid cylinder and a
cylinder with 10% slit at small Ur values (2 & 4), as well as at Ur = 10. The peak now shifts to Ur = 6, breaking from the Ur
= 4 pattern seen in both solid and 10% slitted cylinders. At reduced velocity of 6, coefficient of lift for S/D = 0.1 and 0.2 is
greater than solid cylinder by 41.6% and 70.8%, respectively. However, the max of Ci. for cylinder with S/D = 0.2 appears
to be 28% lower than that achieved by the cylinder with no slit. At reduced velocity of 8, the root mean square of Cy, for S/D
= 0.2 matches with the cylinder with no slit (S/D = 0).

Fig. 4b illustrates the behaviour of the root mean square (RMS) of the drag coefficient (Cp). The Cp pattern closely
mimics that of Y/D, reaching its max at Ur = 6, the same point of maximum Y/D depicted in Fig. 3a. Introducing slits,
denoted by rising S/D, brings down the mean Cp, as the slit forms a pathway for arriving flow, allowing it travel through and
thereby curbing pressure drag. Augmenting the slit size reduces the size of the cylinder halves, subsequently diminishing
drag as the flow encounters smaller obstacles.
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Fig. 4: Root mean square (RMS) of (a) coefficient of lift (C.), and (b) coefficient of drag (Cp).

Fig. 5a displays the vortex shedding patterns at Ur = 6 & 8 through dimensionless vorticity contours. These conditions
reveal a 2S vorticity pattern. Vorticity for both S/D = 0 & 0.1, exhibit striking similarity, indicating that the 10% slit has
minimal impact on the flow behaviour. A vaguely altered pattern emerges at Ur = 8, hinting at a slower shedding of vortices
for the solid cylinder compared to Ur = 6.

Fig. 5b clearly illustrates the impact of slit size (S/D) and Ur on Strouhal number (St). Remarkably, at Ur = 0 — 6, the
Strouhal number dynamics for cylinder with no slit (S/D = 0) and cylinder with S/D = 0.1 remain indistinguishable. This
underscores that the existence of a small size slit (S/D = 0.1), aligned with the flow, exerts no influence on Strouhal number
during these conditions. However, as Ur escalates to high levels (8 & 10), the Strouhal number of a cylinder with S/D = 0.1
diverges from that of cylinder with no slit and aligns itself with the St of a cylinder with S/D = 0.2. As a result, the deduction
can be made that a 10% slitted cylinder mimics the behaviour of a solid cylinder at Ur = 0 — 6 and exhibits characteristics of
a 20% slitted cylinder at Ur = 8 — 10.
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Fig. 5: (a) Vorticity contours at Ur = 6 & 8, and (b) Strouhal number for S/D =0, 0.1, & 0.2.

4. Conclusions

A passive flow control technique was employed in this work by introducing a slit in the cylinder to alleviate
developed forces and associated vortex-induced vibrations (VIV). The outcomes imply that the inclusion of a slit
effectively diminishes drag & lift coefficients, while also mitigating VIV. In comparison to the cylinder with no slit, the
introduction of a small slit (S/D = 0.1) results in a modest 5.16% reduction, and a comparatively larger slit (S/D =0.2)
leads to a substantial 34.27% decrease in the vibrational amplitude. While the cylinders with S/D = 0 and S/D = 0.1
remained in lock-in for Ur = 6 — &, the cylinder with S/D = 0.2 experienced lock-in at Ur = 6 only. These findings suggest
that a 10% slit may not significantly disrupt downstream vortex shedding patterns, while a 20% slit enhances disturbance
by allowing a larger amount of fluid to pass through, disrupting the wake. These findings can provide valuable insights
for engineers to design structures incorporated with slits to passively mitigate VIV, preventing potential breakdowns.

Nomenclature

c damping coefficient P pressure

C. lift coefficient Re Reynolds number
Cob drag coefficient S slit width

D cylinder diameter t flow time

fn natural frequency u velocity vector

FL lift force Ur reduced velocity

1, ] index notation Us free stream velocity
k spring constant Y,Y,Y displacement, velocity, acceleration
m virtual mass p density

Meylinder mass of the cylinder v kinematic viscosity
Mfiyid mass of the displaced fluid n dynamic viscosity
m* mass ratio ¢ damping ratio
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