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Abstract: In this study, we aimed to numerically investigate the 2D laminar flow over a cylindrical
body and performed vortex-induced vibration analyses on a circular cylinder of unit radius placed in
a channel, with the cylinder assumed to be fixed. The cases of a cylinder under forced oscillation and
three different scenarios of a freely oscillating cylinder were analyzed. The fluid domain dynamics
were governed by the incompressible Navier–Stokes equations; however, the structural field was
described using nonlinear elastodynamic equations. Fluid and solid domains were discretized with
the finite volume method (FVM) in space and time. Predictions of hydrodynamic forces, namely lift
and drag terms, were determined for each scenario. An increase in the Reynolds number caused
an exponential increment in the lift force. In the case of a stabilized flow, the collective decrease in
stiffness and damping decreased the maximal drag and lift factors. Furthermore, it was noticed that
the lift factor was minimally altered by variations in damping and stiffness in comparison with the
change in the drag factor. From these observations, it appears that the lift factor probably correlates
with the cylinder’s structure and fluid properties.

Keywords: laminar fluid flow; hydrodynamic flow; lift and drag coefficients; OpenFOAM; VIV

1. Introduction

Vortex-induced vibration (VIV) refers to motion induced on a bluff body subject to
an external fluid flow with periodic irregularities. Due to its significance in technical
applications and scholarly investigations, the VIV processes of bluff structures have been
investigated in detail. Numerous theoretical and experimental investigations have been car-
ried out on the topic of fluid–solid interaction (FSI), ranging from solid to elastic cylinders,
to develop the fundamental physics underlying the analysis results.

Anagnostopoulos [1,2] researched VIV with a numerical approach and investigated
VIV behavior in a circular, two-dimensional cylindrical tube with Re = 200 and two
degrees of freedom (DoF). The incompressible Navier–Stokes equations were resolved in
2D by using the space–time finite element method, while the motion of the cylinder was
resolved by using the explicit integral method. The VIV results showed that at low mass
damping, the lift and drag coefficients had different trajectories.

Govardhan and Williamson [3] examined the outcome of free oscillations in terms of
lift factors as well as near-wake vorticity on a 2D circular cylinder in a distinct experimental
study. The study’s conclusions helped to further the knowledge of FSI and the mechanisms
controlling body motion, enabling the wake response to motion to be assessed separately.
Later, Williamson and Govardhan [4] reported vortex wake states in a different numerical
investigation by using earlier predictions. The relationship between free and forced vibra-
tions and the suitability of elastically fixed cylindrical flow for configurations of greater
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complexity were the primary research topics in their study. Alterations in the shedding
patterns of a freely vibrating cylinder in the in-line and cross-flow directions support the
idea that differences in global geometrical responses rely on the cylinder vibrations’ orien-
tation [5,6]. The results obtained by Williamson and Jauvtis [5] clearly suggest that high
harmonics may contribute to the lift force.

A substantial number of studies on the distribution of VIV are also available [7–12],
spanning experimental and theoretical studies, motion with single to multiple DoF, flexible
and solid movements, and VIV phenomena in liquid and gas. Because it is simple to
employ grids to change a comparatively thicker laminar flow for the associated surface
layer in the transition stage, numerical results are typically obtained in the subcritical Re
range [13]. It becomes more challenging to resolve the associated turbulence as Re increases
to critical as well as supercritical ranges, where the boundary region is comparatively
six times smaller than that in the subcritical area [14]. This may be the cause of the
lower number of computational fluid dynamics (CFD) investigations on a flow past a
cylindrical surface at a larger Re compared with a lower Re. When the vortices around
a bluff body are not symmetrically produced, distinct lift and drag factors are created in
either region of the structure, which results in movement perpendicular to the direction of
flow. This movement alters the eddy formulation in a manner that it results in a constrained
motion amplitude. Recently, the FSI phenomenon has attracted interest in wide variety of
applications, including energy harvesting [15], offshore pipeline arrangements [16], and
many more thrust areas.

Generally, the VIV phenomenon is encountered in hydrodynamic systems where
excitation occurs because of the vortex shedding of bluff bodies. The process of vortex
shedding creates an asymmetric pressure distribution over a circular cylinder and even-
tually leads to body movement. The body motion is nonlinear and occurs in a range of
frequencies, thus leading to increases in the strength of the shed vorticity. Therefore, this
phenomenon can increase body fatigue and cause potential damage [17]. Some interesting
and recent studies involving VIV phenomena in flow oscillation or free surface impacts
have been reported in the literature [18–23]. However, the forced oscillation condition
employs identical principles by considering distinct group variables. For instance, an
induced oscillating cylinder maintains identical amplitude oscillation (A/D, with D being
the diameter of the cylinder), and the frequency (( f 0)) changes at specific locations so that
the ratio f 0/ f s is unity, where f 0 and f s represent the natural and oscillation frequencies,
respectively.However, there are still some unresolved issues in predicting flow-induced
motion based on forced oscillations. Extensive research has been conducted on the shape
of wake and forces exerted on a cylinder when it is subjected to forced oscillation [24–27].
It is worth mentioning that the above-cited works mainly lack details to account for the
combined impacts of FSI and VIV on stationary and forced oscillating cylinders.

Fluid–solid interaction (FSI) problems are widely analyzed in various engineering
fields, e.g., wind-induced vibration phenomena in civil engineering, engineering design
in materials science, some internal flow models that require very accurate simulations
to achieve very high performance, and blood flow, as an example of FSI in the human
body.A review of FSI is important because it enriches knowledge on engineering design to
counteract wave stress effects on solids, which may result in large deformation and damage.
From an engineering perspective, the effects of wave stress greatly influence solid design
and material selection. This systematic and careful literature analysis indicates a lack of
understanding of the VIV phenomena in cylindrical structures at low Reynolds numbers.
In the current study, we investigated the vortex-induced vibration theory for cylindrical
structures. A solution for the free-vibration condition was derived for different cases by
considering various constraints.
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2. Model Equations
2.1. Fluid Flow Model

In the case of the fluid flow model, a circular cylinder with diameter D = 1 m was
placed in a channel of length 20D and width 8D. The flow velocity was 1 m/s at the inlet
and zero gradient at the outlet. Zero pressure was also set at the outlet. The cylinder was
assumed to be fixed, which means that it could not move although it was subjected to some
hydrodynamic forces, and its center coordinates were (0, 0, 0). This case was considered a
laminar flow case with a Reynolds number equal to 100. Initially, both the solid and fluid
domains were in the rest position, and no-slip boundary conditions were implemented
for the walls and the fluid–solid interfaces. Moreover, the outlet Neumann conditions
were set to zero for both velocity and pressure, and the profile of parabolic velocity was
set at the inlet in the flow domain. The static circular cylinder case was considered to be
two-dimensional, incompressible, and subject to a horizontally uniform flow. The flow
conditions were determined by assuming that the flow occurred in a rectangular channel in
which the circular cylinder was symmetrically placed between the two plane walls with the
slip boundary conditions represented in Figure 1. The incompressible viscous fluid flow
dynamics were governed by the Navier–Stokes equations. The conservation principles
of continuity and momentum were modeled with continuity and momentum equations,
respectively, which were valid in the entire physical domain as expressed by the following
system of partial differential equations:

∇ · U f = 0, (1)

∂U f

∂t
+

(
∇ · U f

)
· U f = −∇p

ρ f
+∇ ·

(
ν f∇U f

)
, (2)

where U f is the flow velocity, ρ f is the density of the fluid, p is the fluid pressure, and

ν f =
µ f
ρ f

and µ f represent kinematic and dynamic viscosities, respectively.
The conservation laws for mass and momentum represented by Equations (1) and (2)

were fulfilled in the required domain for fluid Ω f ,0. These model equations for fluid flows
with a stationary mesh can be discretized by choosing an Eulerian coordinate system with a
fixed mesh domain [13]. However, for a Lagrangian description, the mesh must change with
the flow. However, these types of procedures cannot be applied to computational regions
that change significantly over time. In such cases, the arbitrary Lagrangian–Eulerian (ALE)
description [13] is employed for the flow model equations on a deformable mesh, as shown
in the subsequent subsections.

2.2. Structure Model

The momentum balance for the chosen structural geometry is given as

∂2(ρsUs)

∂t2 −∇ · σs = ρsFb. (3)

where Us and ρs represent the solid displacement and density, respectively; Fb denotes the
body force; and σs indicates the Cauchy stress tensor.

In a similar manner, strain tensor ϵ in the form of Us is given by

ϵ =
1
2

[
∇Us + (∇Us)

T
]
. (4)

The strain and stress tensors, by Hook’s law, are defined using the reaction below:

σs = 2µsϵ + λstr(ϵ)I. (5)

In the above equation, I denotes the unit matrix, tr represents the trace, µs and λs are
known as Lamé constants and estimate the characteristics of an elastic material. The magni-
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tudes of these two constants are connected to the quantities νs and Es, which are Poisson’s
ratio and Young’s modulus, respectively, and are defined by the following equations:

λs =
νsEs

(1 + νs)(1 − 2νs)
(6)

µs =
Es

2(1 + νs)
. (7)

Using the above relations in Equation (3) yields the following:

∂2(ρsUs)

∂t2 −∇ ·
[
µs∇Us + µs(∇Us)

T + Itr(∇Us)
]
= ρsFb. (8)

Figure 1. Physical structure and auxiliary conditions.

2.3. Boundary Conditions

The inflow velocity boundary conditions were as follows:

(i) At the inlet (inflow), uniform flow conditions were assumed, that is, Ux = U,
Uy = Uz = 0.

(ii) At the outlet (outflow), the flow variables had zero diffusion, which means that the
boundary conditions at the outlet were extrapolated from the domain to result in the
upstream flow conditions. The velocity and pressure were updated according to the
extrapolation at the outflow. This is based on the assumption of a fully developed
flow experiencing no change in the area at the outlet boundary [28].

∂p
∂t

+ Un
∂p
∂n

= 0

(iii) At the upper and lower walls, where the viscous effects were negligible, boundary
slip conditions were assumed.

(iv) On the cylindrical structure wall, the no-slip condition was applied, according to
which all the velocity components on the cylinder surface were zero due to the fluid
viscous effects.

(v) Moreover, the outlet Neumann conditions were set to zero for both velocity and pressure.

The above-mentioned conditions are also specified in Figure 1.

2.4. Dimensionless Parameters

Drag, mean drag, and lift coefficients (CD, CD, and CL, respectively) are non-dimensional
parameters for the drag and lift forces and are formulated as
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CD =
FD

ρ
2 U2LD

, CD =
FD

ρ
2 U2LD

and CL =
FL

ρ
2 U2LD

where U, D, L, and ρ are the flow velocity, the cylinder diameter, the cylinder length, and
the fluid density, respectively.

3. Computational Procedure

The aim of any discretization method is to transform partial differential equations
(PDEs) into a system of algebraic expressions. The latter results in a set of values that
correspond to the solution of the original equations at some determined locations in space
and time. Since OpenFOAM relies upon the finite volume method (FVM) and the discretiza-
tion discussed in this section adheres to the FV process, the discretization approach of
the computational region can be categorized as spatial and temporal discretization [29,30].
Spatial discretization involves partitioning the computational area into a finite quantity
of parts, known as control volumes (CVs), which form a mesh that completely occupies
the physical configuration.The discretization of the temporal term is exclusively employed
for unsteady cases and involves the segmentation of time into discrete intervals known as
time steps.

Figure 2 depicts a standard CV with computational point P being positioned in its
center, satisfying ∫

VP

(x − xp)dV = 0 (9)

Figure 2. Control volume structure.

In the CVs, cell faces are separated as internal faces between two CVs and border
faces, which match the geometry boundaries. For every face, the face area vector extends
outwardly from the CV with a bottom label but perpendicular to the face, with the same size
as the face area. The owner and neighbor cell centers of the shaded face are designated P
and K in Figure 2, respectively, with the vector face area pointing outwardly from cell P. For
convenience, all faces of the CVs are indicated by f , which also depicts the center value. In
OpenFOAM, variables are mostly retained in the element center, but sometimes on vertices
or faces. Prior to obtaining the solutions to the model equations, choosing the domain
locations for the variable values is crucial. Figure 3a depicts the conservation technique for
variables at the cell centers and boundary faces, which is termed the collocated technique.
Figure 3b shows the segregated method of recording all the variable values in each face’s
centroid. OpenFOAM stores the variables together, and the discretization procedures are
addressed below.
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Figure 3. Options for storage of variables: (a) monolithic and (b) partitioned techniques.

For spatial-term discretization, the Gauss divergence theorem was applied, and the
convection difference was utilized to calculate the face value from the cell centers. This
approach aims to determine the quantity Φ on the face based on the magnitudes within
the cell centers. Discretization techniques are confined to the nearest neighbors of the CV
owing to the storage constraints on unstructured meshes. The central and upwind differ-
ence techniques have several variations; the OpenFOAM user guide lists all interpolation
algorithms [31]. Diffusion-term discretization follows the convection-term discretization
method. The SIMPLE (semi-implicit method for pressure-linked equations) and PISO
(pressure implicit with splitting of operators) algorithms are used to solve pressure-linked
equations. OpenFOAM uses SIMPLE for steady-state equations and PISO for transient
equations [32]. In this study, we used the PISO and PIMPLE methods, which combine
the PISO and SIMPLE algorithms. In OpenFOAM, FSI simulations were divided into
monolithic and partitioned techniques. The robustness of the OpenFOAM algorithm can
be utilized to obtain first-hand information on important parameters, which could be
used in the design of many industrial applications [33–35]. The equation’s algorithms,
solvers, and tolerances are monitored by using a dictionary located in the OpenFOAM
system directory.

Figure 4 illustrates the sequential steps of the weak and strong coupling of the segre-
gated technique from solid to liquid at each time step

Figure 4. Solution processes of FSI from partitioned technique with weaker and stronger coupling.
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In this case, the solver used was GAMG (geometric agglomerated algebraic multigrid),
which requires the positive-definite diagonal matrix. In this solver, smoothing is an es-
sential part of the multigrid method. The high frequency error on the current mesh can
be reduced, as it solves for both symmetric and asymmetric matrices. The Gauss–Seidel
smoothing scheme is applied in the solver, which means that the smoothing depends on
the Gauss–Seidel method. For forced oscillation, the algorithm “pointDisplacement” in
OpenFOAM is solely required to define the ratio f n/ f v and the amplitude of oscillation
(A/D). Furthermore, this algorithm utilizes two additional sub-algorithms, named “Mesh-
Dict” and “MotionU”. The prime objective is that movement can be achieved by moving
either the cells themselves or the points. While the mesh can be moved by using either
cell-based or point-based methods, the user has the option to perform motion computations
based on velocity or the absolute/relative location. Moreover, a new corrected scheme was
employed for face center discretization in the normal direction. This implemented scheme
corrects the skewness and non-orthogonality of curved surfaces and boundaries.

The temporal integral was performed by using the explicit (forward Euler) method.
The explicit procedure is unstable when the Courant number value is larger than 1. The
Courant number (C0) is defined as

C0 =
U∆t
∆x

,

where U is the flow velocity, and ∆t and ∆x are the mesh sizes for space and time, respec-
tively. The input parameters of time step and output time interval must be adapted to reach
a low Courant number and obtain an accurate solution, particularly for unsteady problems.
When the flow velocity is increased, the simulation time step should be decreased in order
to adjust the Courant number. In this analysis, the time step was chosen so that the Courant
number remained less than 0.8.

4. Test Cases
4.1. VIV of Circular Cylinder

For the case of laminar flow conditions with Re = 102, a simulation of the VIV case in
the cylindrical domain was performed. Structural damping was due to fluid viscosity since
there was no cylinder motion to produce it.

Meshes for the motionless and dynamic cases are necessary because vortex shedding
enables the movement of the cylinder. Here, the motion of the cylinder was tracked with a
dynamic mesh. Therefore, a dynamicMeshDict file that specifies mesh motion that can be
found under a constant directory was employed. All quantities, such as the pressure, speed,
and location of the cylinder, must have specified initial and boundary conditions. The time
increments must be modified by providing a Courant number of less than 0.2 in order to
obtain correct results. The time increment was maintained as 0.001 for a simulation time
of 100 s in the VIV case. This resulted in a small Courant number, and the corresponding
predictions were ultimately reliable.

4.2. Computational Domain Schematics

In the first schematic, vortex-induced vibration was studied using both 1-DoF and
2-DoF. The cylinder could only move in the y-direction (transverse direction) in 1-DoF.
The cylinder was assumed to vibrate freely in the x- and y-directions (by following in-line
as well as crosswise paths) in the second case. Consequently, the following three distinct
scenarios were examined in the latter:

(i) In the first scenario, four springs with dampening effects were included. As a result,
all springs applied four forces caused by spring effects, causing the damper to slow
down. It is also important to remember that all springs were of the same size and
that the cylinder could not spin on its axis. Nearly symmetrical stresses in the upper
and lower regions of the cylinder were created by the fluid flow as it passed over
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them. Technically, the point displacement file displays this scenario, which is for the
2-DoF structure.

(ii) In the second scenario, more restrictions were added to the above, which forced the
cylinder to travel only along the y-axis; this was termed the 1-DoF case.

(iii) The third scenario had two springs and two dampers. As the cylinder moved along
both the in-line and transverse paths, this also applied to the 2-DoF system. The
density of the cylinder was set to 9.97 kg for each of the three cases, whereas the
stiffness and damping values were 2 N · s/m and 4 N/m, respectively.

4.3. Mesh Generation

In OpenFOAM, the mesh can be generated in many ways. In this study, Gmsh
software [31] was used for mesh generation. Then, gmshToFoam was used to write the
mesh from the Gmsh form to the OpenFOAM form, and the results were stored in a
separate directory. After generation, the mesh had 92,976 nodes and 45,940 elements. In
this case, the static mesh was defined with Gmsh software, and its geometry is given
in Figure 5. The mesh that was used in the above-defined VIV case is described in the
following illustration. As seen in Figure 5, the mesh near the wall of the cylinder was built
to be fine enough so that it would be easy to capture vortex shedding, which is important
to generate cylinder motion. Additionally, in the other regions near the wall, the mesh was
generated to be coarse in order to decrease the simulation time.

Figure 5. Circular cylinder mesh visualized in ParaView.

5. Results and Discussion
5.1. Freely Oscillating Cylindrical Structure
5.1.1. Discussion of Simulation Predictions of VIV for 1- and 2-DoF

The different flow regime predictions for a freely vibrating cylinder in the above-
described situations are illustrated below.

For the first case, VIV was analyzed with 1-DoF and 2-DoF, with cylinder movement
being considered along the y-axis for 1-DoF. In the second scenario, however, the cylin-
der could freely vibrate along both the x- and y-directions. Three distinct impacts were
examined in these scenarios. For the first case, owing to the dampening impacts of the four
springs, the forces acted along the four directions and, in turn, produced a decreasing effect.
It is also worth noting that all the springs were of the same size and could not revolve
about the axis. The fluid movement created almost symmetrical strains on the upper and
lower edges of the cylinder as it passed over the structure. The second example had extra
constraints with respect to the first, forcing the cylinder to only move in the y-direction.
This was thus a one-dimensional case.

5.1.2. Drag and Lift Factors in the First Scenario

As shown in Figure 6, the drag factor nature for the 1-DoF structure was extremely
close to that of the inert cylindrical structure; however, it was slightly different for the
two-degrees-of-freedom system, notably between 10 and 20 s of simulation. Furthermore,
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the drag factors for 1-DoF were larger than those for 2-DoF, but the lift factors for 1- and
2-DoF were nearly identical.

Nonetheless, a very small lag existed in reaction time, with the 2-DoF structure taking
approximately 0.2 s longer to attain identical high amplitude values for drag and lift factors.
This process is connected to the law according to which the 1-DoF case can only shift
vertically, forcing an immediate reaction to any eddies formed along the wake region. At
the same time, in the 2-DoF situation, the cylinder can also be pulled a little further along
the path of the wake, causing a lag in the reaction to eddy forces. In other words, the
lag is precisely proportional to the time taken by the springs to constrain the cylinder the
rightmost when it begins to vibrate on a regular basis.

Compared with the 1-DoF example, the magnitude of the drag factor was reduced in
the 2-DoF situation, and this could be connected with the supplementary DoF. In a similar
manner, the lift factor had a small lower magnitude in the 2-DoF part owing to the pull by
the cylinder alongside the flow and the shifting nearer the eddy trajectories.

Figure 6. (a) Drag and (b) lift factors for 1 and 2 degrees of freedom.

5.1.3. Drag and Lift Factors in the Second Scenario

For scenario 2, Figure 7 displays the drag and the lift by comparing the predictions for
the 1-DoF structure and the corresponding simulations for reduced damping and stiffness
factors to unity. The predictions revealed that the drag and lift magnitudes for the actual
case were relatively large compared with the reduced damping or spring rigidity.

To gain an understanding of this situation with double variants, the working nature of
the spring and that of the damper must be known:

(i) Force = stiffness × displacement. This indicates that the force caused by the spring
varies linearly with the stiffness value.

(ii) The movement of the damper is directly proportional to the velocity of its motion:
Force = damping × velocity. This indicates that the damper generates greater force as
a result of faster movement.

It is noteworthy that the forces exerted by the springs alter the cylinder movement.
Specifically, the forces exerted by the springs alter the motion of the cylinder in response to
the effects exerted by the fluid when the drag factor is estimated from the forces exerted
on the cylinder. From these analyses, together with Figure 3, one can obtain a vivid
understanding of the reductions in stiffness and damping as follows

1. The chosen three cases were assumed to be under-damped. This implies that the
damper was not sufficient to halt oscillation; hence, all three had the same oscillation
structure with the highest amplitude.

2. In addition, all the considered cases had similar drag factors until 30 s, provided that
the movement paths were nearly identical during this initial period. The decrease in
the drag factor must be equally associated with the generation of the first vortex and
its release, with the next vortex successively originating and then being released.
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3. The decreased damping contained less strength to react to the velocity force, resulting
in the following:

3.1. The larger drag factor from 30 s to nearly 63 s was caused by faster cylinder
movement for similar forces acting on it, with the movement of the cylinder
producing huge vortexes and distorting the fluid.

3.2. The smaller drag factor after 65 s was associated with a greater capability of the
cylinder to weave and bob as eddies were created near the wake of the cylinder.

4. The decreased-stiffness scenario regularly contained a very small drag factor from
the initial 30 s period, provided that it needed to be shifted for a longer distance for
approximately the same forces to be exerted by the fluid on the cylinder surface.

5. In the lift case, the predictions were in line with those noticed when comparing the
1-DoF and 2-DoF cases having four springs, provided that the additional capability to
shift the cylinder led to a small lift value, for the case where eddies could be created
and discharged with small dragging efforts.

6. In the last analogy, it could be observed that a decrement in stiffness created smaller
amplitudes of the drag and lift after the initial 30 s period.

Figure 7. (a) Drag and (b) lift factors for 1 degree of freedom.

5.1.4. Drag and Lift Factors in the Third Scenario

By comparing the predictions obtained for the case of 1-DoF, the drag factors of the
2-DoF structure (case 1) revealed distinct behavior during the initial 30 s period. As noticed
earlier for the variations in damping and stiffness for the 1-DoF situation, for the initial
period, the following observations are noted:

1. The decreased damping led to quicker motion, which clearly indicates a rapid response
interval for the cylinder to shift along the vortexes at a relatively higher rate compared
with the remaining two types. Therefore, the greatest amplitudes in the first 30 s were
greater/smaller compared with the benchmark 2-DoF situation.

2. The decreased stiffness enabled the cylinder to shift away and create tiny vortexes
with lower intensity compared with the previous types.

After 30 s, the predictions were similar to the variants observed in the 1-DoF case,
as follows:

1. The decreased damping permitted a lower drag factor compared with the actual state;
2. The lowest drag factor was produced with reduced stiffness;
3. The two variants had almost similar frequency as observed in the reference 2-DoF situation.

With regard to lift, the predictions were nearly the same, particularly for the decreased-
stiffness and -damping situations. In general, the 1-DoF and 2-DoF systems revealed larger
amplitudes for the actual case compared with the decreased spring stiffness because of the
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similar phenomenon relative to these factors, which leads to the elimination of vibration
after some time (see Figures 7 and 8).

Figure 8. (a) Drag and (b) lift factors for 2 degrees of freedom.

5.1.5. Drag and Lift Factors in Reduced-Damping Scenario

The drag factor results for the reduced-damping case reveal a significant variation
between the 1-DoF and 2-DoF cases during the initial prediction period, as illustrated in
Figure 9. The drag factor for 1-DoF is similar to the reference 1-DoF situation. However,
the 2-DoF case reveals a structure with greater oscillation until approximately 35 s of the
solution period. This could be due to reduced damping, which permits the rapid reaction
of the springs. The following conclusions were drawn:

1. For uniform periodic oscillation in the two cases, the prediction of 1-DoF revealed a
stronger drag factor compared with the respective reference cases.

2. With regard to the lift, the predictions were nearly the same as the previously
obtained results.

Figure 9. (a) Drag and (b) lift factors for reduced-damping scenario with 1 and 2 degrees of freedom.

5.1.6. Drag and Lift Factors in Scenario with Reduced Spring Stiffness and One and
Two Degrees of Freedom

The 1-DoF drag predictions revealed the largest magnitudes for the entire solution
period, and the lift predictions revealed relatively higher values for 1-DoF. From the points
of view of lower energy and interference with fluid motion, this could be the best structure
to use, if further optimization is not possible. Particularly, this is due to the lift working
conditions and is similar to the other cases, as evidenced in Figure 10.
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Figure 10. (a) Drag and (b) lift factors for reduced spring stiffness case with 1 and 2 degrees of freedom.

5.1.7. Lift and Drag Factors for 2-DoF System with Four Springs and Two Springs
plus Two Dampers

Figure 11 portrays the comparison of predictions of the 2-DoF systems (case 1 with
four springs fixed to the cylinder and case 3 with two springs and two dampers).

The drag predictions revealed considerably different results in both cases. For the
four-spring case, the drag factor decreased significantly from around 1.73 at 3 s to 1.4 at
40 s (approximately) and later increased uniformly until approximately 70 s of the solution
period to initiate a similar oscillating behavior. However, the 2-DoF situation having two
springs and two dampers assumed similar oscillating behavior from 30 s of the solution period,
rather than 70 s. Further, the lift factor for case 1 had zero lift until approximately 40 s; however,
the lift predictions revealed oscillation from the beginning until the end of the simulation
period, which could have been due to the dampers for the other situation. However, during the
last stage of the simulation period, the lift factors in both cases were similar. When restructuring
the drag paths in both cases, the observations given below were noted:

1. The dissimilar nature of the damper/spring structure could be noticed in the respective
plot from the 25–30 s mark. This behavior could have been due to the non-alignment
of dampers and springs, causing the cylinder to shift faster, based on the position of
the cylinder.

2. The greatest amplitude of the drag factor was small in case 3 compared with the
predictions in other cases.

3. The reduced damping led to a shorter reaction time and was systematically identified,
provided it took approximately 40 s less to attain the periodic working area.

Figure 11. (a) Drag and (b) lift factors for 2 degrees of freedom.
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5.2. Forced Oscillating Cylindrical Structure

The current sample case was estimated by using identical Reynolds numbers (Re = 100).
Figures 12 and 13 display the simulation findings for the forced coefficients. The calculated
natural frequency ( f n) was 0.482Hz. This scenario exhibited a moderately elevated upward
movement, as depicted in Figure 13. Owing to the highly distorted mesh, the simulation
was initially motionless. This suggests that the cylinder was in a state of resonance. The
frequency ratio (Fr = f n/ f v) is defined as the ratio between the natural frequency of the
cylinder ( f n) and the vortex shedding frequency of the static cylinder ( f v). The Strouhal
number, determined as 0.167, corresponded to a vortex shedding frequency ( f v) of 0.167Hz.
The value of the natural frequency, f n, was 0.482Hz. The amplitude of the cylinder reached
its maximum value when the ratio of the natural frequency ( f n) to the forced vibration
frequency ( f v) was 2.87.

These two predictions provide insights into the generation and release of vortexes as
the cylinder undergoes vertical motion. To draw this conclusion, the following observations
were made:

1. Figure 12 demonstrates that the highest values of the drag coefficient align with the
lowest and highest points of the lift, while the lowest values of the drag coefficient
corresponded to the locations where the lift was zero.

2. Furthermore, Figure 13 demonstrates a clear correlation between the peaks of the
lift and increases in the movement of the cylinder. This indicates that the highest
dislocation values corresponded to the highest values of the drag factor. The zero-lift
locations corresponded to the instances when the cylinder crossed the central axis
during forced oscillation.

Figure 12. Force coefficients of forced oscillation cylinder case under laminar flow with Re = 100.
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Figure 13. Vertical displacement and lift coefficient time histories of the forced oscillation case.

6. Conclusions

From the extensive VIV numerical experiments performed, the following significant
findings are reported:

1. Damping and stiffness impacted the behavior of the cylinder along with the flow, and
there were important noticeable variations in the response time and starting speed in
which the process responded to the flow; this was also true in the case in which the
constant periodic oscillation was stabilized.

2. For the 2-DoF scenario, during the initial phase, a decrease in damping led to a signifi-
cantly high drag coefficient, whereas a decrease in stiffness decreased the maximum
drag coefficient.

3. The behavior of the cylinder was significantly altered by the linear nature of the
springs and dampers. In particular, the cylinder response period and the drag factor
were significantly affected by the stiffness and damping factors.

4. If the mechanism is intended to include more drag, then the dampers should be kept
at a minimum or withdrawn for stiff springs. If the mechanism requires minimum
drag, moderate damping magnitudes are required with fairly relaxed springs.

5. At the point of zero lift, when the forces forming the vortex were in equilibrium, which
occurred at approximately 10s, the wake in close proximity to the cylinder was nearly
parallel to the fluid flow, which moved from left to right.

6. The drag and lift coefficients reach their greatest values when (a) a domain of high-
velocity flow passes over top of the cylinder while it is in the upper position or
(b) when a high-velocity flow is directed towards the cylinder while it is in the lower
position, which was noted at around 30 s in this study.

7. The observed peaks in the drag and lift coefficients align with the expected behavior of
wings and airfoils under identical operating conditions, specifically when comparing
the maximum values for wings/airfoils.

8. The current analysis was limited to Re = 100, and the FSI and VIV analyses were
confined to a flow over a cylinder. This work could be extended to include higher
Reynolds numbers and objects with other shapes. Because of research limitations,
turbulence modeling was not used in this study.
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