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ABSTRACT

Vortex-Induced Vibrations (VIV) occur when fluid flows around
an object and generates oscillatory motion. In particular, fluid flow
around a cylinder forms a symmetric vortex street pattern leading
to VIV. This study employs a mathematical wake-oscillator model
to simulate the VIV phenomenon. To refine the model, the genetic
algorithm is utilized to determine the empirical coefficients of the
mathematical model. An optimization approach is utilized for
improved calibration of the model’s prediction with experimental
data, which integrates the Root Mean Square (RMS) objective
function with the weighted contribution of the points. The results
reveal that the empirical coefficients defined through the genetic
algorithm maintain the quality of the super-upper branch
prediction and present a better prediction for experimental
observations. However, further steps are required to properly
select empirical coefficients in wake oscillator models. The
utilization of hybrid functions by combining multiple metrics can

be one of the suitable choices.

https://doi.org/10.22034/jast.2025.471867.1202

1 INTRODUCTION"

VIV occurs when a slender structure interacts with
a fluid flow, causing oscillatory motion. These
vibrations are a specific category of flow-induced
vibrations, studied through the principles of fluid
dynamics and structural mechanics [1]. This
phenomenon is observed in marine structures such
as risers and pipelines, which is one of the main
causes of fatigue damage [2]. In recent years, this
approach has progressed significantly and is now
applied to both two-dimensional (2D) and three-
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dimensional (3D) vibrations [3,4]. The interaction
between fluid and structure is a fascinating and
contentious topic among engineers. When fluid
flows over a solid body, flow separation occurs,
forming a vortex street behind the body. The flow
separation creates vortices which shed into the
flow and lead to Von Kérman vortex street [5,6].
Among the studies conducted in the field of flow-
induced vibrations, the flow over a cylinder is one
of the classical structures compared to the flow-
induced vibration of other structures. The
simplicity of this model has increased its
application in various studies, including the use in
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offshore facilities, power transmission lines,
industrial chimneys, and more [7]. Due to its high
computational speed, the wake oscillator model is
one of the most commonly used semi-empirical
models for predicting VIV responses [8].

From 1972 to 1979, practical concepts related
to flow-induced vibrations and their applications
were introduced in various industries, including
mechanical mechanisms,  civil  structures,
aerospace structures, shipbuilding, and nuclear
power plants. Additionally, in the field of VIV,
new and impactful topics relevant to industries and
structures are emerging that can be studied and
investigated by researchers [3]. Many researchers
have conducted valuable studies on the behaviour
of cylinders oscillating under VIV and the changes
in lift and drag forces acting on the cylinder. The
classification of these studies can be divided into
numerical simulations with a single degree of
freedom, two degrees of freedom models, and
experimental tests.

Single-degree-of-freedom models are
commonly employed in the study of VIV for
cylinders exposed to fluid flow. These models are
primarily considered as a mass-spring-damper
system. Numerous models have been proposed to
investigate vibrations with a single degree of
freedom, and several models have provided the
foundations for further research and studies.
Bearman [9] investigated the VIV and related
models by exposing a cylinder to fluid flow and
linking the flow separation to the Reynolds
number and the boundary layer formed on the
body. The Reynolds number that causes the
vortices to form behind the body is called the
critical Reynolds number. Facchinetti et al. [10]
studied VIV using a single degree of freedom
model by coupling this model with displacement,
velocity, and acceleration. They claimed that the
best coupling occurs with the acceleration of a
moving cylinder. Michel Dahl [11] widely worked
on VIV, providing explanations for both single-
degree-of-freedom and two-degree-of-freedom
vibration models. Mahmoud et al. [12] used
classical model equations for a single-degree-of-
freedom cylinder to enhance energy generation
from a piezoelectric device. Their time-based
simulations demonstrated the coherence among
the cylinder, piezoelectric device, and flow. The
study highlighted that the interaction between the
electrical and mechanical components can
improve the design and efficiency of energy
harvesting from VIV. Chen and Zhou [13] studied
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a single degree of freedom model for a cylinder
placed in uniform fluid flow. Their research
demonstrated that the proposed aerodynamic
model effectively shows VIV's lock-in range and
amplitude. The lock-in phenomenon happens
when the vortex shedding frequency becomes
close to the fundamental natural frequency of a
vibrating structure. Synchronization of oscillation
frequency and shedding frequency in a range of
frequencies near the natural frequency can be
characterized by a high amplitude of structural
vibration, leading to fatigue or failure of structures.
Bishop and Hassan [14] introduced the concept of
the wake-oscillator equation by incorporating
nonlinear Rayleigh and Van der Pol equations in
their coupled wake-oscillator models. Zhang et al.
[15] investigated a flexible structure and derived
equations highlighting nonlinear parameters. Their
research focused on enhancing VIV performance
control through the use of a nonlinear energy sink.
Liao et al. [16] numerically investigated the Fluid-
Structure Interaction (FSI) on a cylinder in the
upstream flow with a 2m/sec velocity. Their
results indicated that the aspect ratio in the
downstream plays a significant role in regulating
the cylinder vibration. Fareshidianfar et al. [17]
introduced a modified classical wake-oscillator
model to investigate the vibration of the cylinder
in the lock-in area. The response obtained through
their model predicts the experimental results better
than previous models, showing a reduced lock-in
range and lower maximum oscillation amplitude
on a Griffiths scope diagram. Zhao [18]
investigated flow control of VIV in cylinders using
techniques such as slotted plates, control rods,
riblets, and rough surfaces. The study concluded
that riblets and helical grooves provide the most
effective suppression. Stansby [19] investigated
the VIV in the context of single-degree-of-
freedom cylinders. The studies are focused on the
oscillations that occur in a direction perpendicular
to the flow, arising from the wake vortices
generated around the cylinder. Xu et al. [20]
modified the classical wake oscillator model by
refitting the empirical coefficient to make the wake
oscillator model more accurate. Landl [21]
developed a novel model to capture the hysteresis
effect observed in experimental data on transverse
vibrations. This consideration of the hysteresis
phenomenon is particularly significant for
conditions with a mass ratio below six.

In the prediction and analysis of VIV, single-
degree-of-freedom models are commonly used.
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However, in reality, in-line (parallel to flow) and
cross-flow (perpendicular to flow) motions occur
simultaneously, indicating the two degrees of
freedom models [22]. Nayfeh et al. [23] studied the
lift and drag forces on a circular cylinder using van
der Pol and Rayleigh equations. Qu and Metrikine
[24] improved a wake oscillator model by
introducing a nonlinear wake variable to describe
in-line motion. This enhancement was designed to
increase the model’s accuracy, particularly in
cases with low mass ratios.

The complexity of VIV often encourages
researchers to rely on simulation software tools
when seeking to solve associated problems. In this
regard, Stringer et al. [25] employed ANSYS and
Open FOAM software to compute the flow around
a cylinder. They considered a wide range of
diameters and flow conditions for Reynolds
numbers ranging from 40 to 106. Hasanpour et al.
[26] investigated the impact of instabilities
induced by vortices on the fluid flow dynamics
around a cylinder and analysed its response.

This work follows on from and completes two
earlier studies by the team that dealt with the
simulation and experimental investigation of
vortex-induced vibrations [27,28]. In fact, this
research aims to optimize an objective function for
determining the empirical coefficients of the
wake-oscillator model using the proposed genetic
algorithm. The optimization aims to improve the
accuracy of the model's frequency response,
enhancing its ability to accurately predict
experimental results. Therefore, this paper is
organized as follows. In the second section, a
laboratory setup is constructed as an experimental
oscillator, and the experimental results are
obtained. In the third section, the mathematical
model of the wake-oscillator is described, and the
numerical results of this model are depicted in
section four and optimized using a genetic
algorithm and the proposed objective function. In
the final section, the experimental and
mathematical model results are compared to
evaluate the performance of the selected objective
function.

2 EXPERIMENTAL SETUP

Performing experimental investigations in VIV is
a crucial approach for enhancing our
understanding of the dynamic behavior exhibited
by structures when subjected to fluid flow. In this
section, a laboratory setup incorporating a wind
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tunnel is utilized to simulate and measure the
displacement of a cylinder subjected to VIV. The
frame is constructed using metal tubes with
dimensions of 20x20 mm and a thickness of 2 mm.
In order to improve the stability of the system and
reduce vibrations resulting from the structure’s
placement within the wind tunnel, metal bars
fabricated from CK45 steel are employed. The
bars are mounted at the lower part of the structure
to support the main structure, which is illustrated
in Figure 1 (b).

(b)
Fig 1. The experimental setup: (a) Frame of the main
structure, (b) Supporting metal bars

For the suspension mechanism of the
system, two metal sheets with dimensions of
40mm x 300mm and a thickness of 1mm are
utilized. As illustrated in Figure 2 (a), a shaft is
installed to support the cylinder, ensuring its
correct positioning at the middle of the
structure. For this setup, a cylinder with a
diameter of 160mm and a length of 230mm is
utilized. It weighs 40 grams and is fabricated
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from compressed foam, as shown in Figure 2
(b). To establish a smooth surface, a thin layer
of nylon is applied. A ruler with an indicator is
used to measure the displacement of the

Metal sheets
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cylinder and the impact of fluid flow.
Additionally, a camera capable of capturing
240 to 960 frames per second is used to record
and store the data.

Fig 2. () The main structure of the setup with the metal sheet springs, (b) The experimental setup with a cylindrical bluff body
with a diameter of 160mm

The wind tunnel utilized for conducting the
experiment is located at the Faculty of Mechanical
Engineering at Sahand University of Technology
in Tabriz, with a length of 4 meters as depicted in
Figure 3. The diffuser incorporated in the tunnel
features an inlet with dimensions of 2.96 x 0.8 x
0.8m. Additionally, the nozzle installed for the
flow entry is 1.4 x 1.4 x 0.45m. The wind tunnel

location
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“| Special ruler 2

is equipped with a three-phase fan with a diameter
of 0.725 meters to generate the airflow. During the
experiment, the wind tunnel is capable of
producing velocities ranging from a minimum of
0.67 m/s up to a maximum of 8 m/s. These specific
velocities are utilized to simulate different flow
conditions affecting the cylinder and measuring its
displacement accordingly.

(b)

Fig 3. Different views of the wind tunnel: (a) Up view, (b) Left view
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Figure 4 illustrates the relationship between the
amplitude of vibration and fluid velocity. The
graph shows how the system’s oscillation
amplitude varies with different velocities
corresponding to its oscillation frequency. The
experimental data have been used to obtain the
maximum dimensionless amplitude (A* = Anax/D)
of the cylinder with respect to the dimensionless
reduced velocity (U* = 2zU/(ws D)).
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Fig 4. The variation of maximum amplitude response
according to reduced velocity for the experimental setup

According to Figure 4, the system reaches its
maximum oscillation amplitude at a fluid velocity
of 1.65 m/s. At this point, the reduced
dimensionless  velocity is 4.125, which
corresponds to the maximum peak dimensionless
amplitude. This behavior can be attributed to the
system’s natural frequency being close to the
vortex shedding frequency, leading to resonance
and the resulting amplification of the oscillation
amplitude.

2.1 Wake-Oscillator Model

In order to analyse the vibrational behavior of a
cylinder caused by VIV, it is essential to select an
appropriate  wake-oscillator ~ model that
comprehensively captures all aspects associated
with the cylinder’s vibrations. These mathematical
models accurately represent vibrations resulting
from the interaction between the structure and the
fluid ambiance. These models typically employ
differential equations that incorporate empirical
coefficients and experimental data, allowing for
the simulation and analysis of VIV in the cylinder.
By utilizing these mathematical models, it
becomes feasible to accurately simulate and
analyse the dynamic behavior of the cylinder
subjected to VIV. The specific form of the wake-
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oscillator model will depend on the characteristics
of the system and the desired level of accuracy in
the analysis. These models can be modified and
calibrated through the optimization of empirical
coefficients [18].

y- cross flow displacement

z SR
U ~1 I
—_ L
—
o ] =
T, q
; -

Fig 5. A one-degree-of-freedom model for a cylinder
capable of vibrating perpendicular to the flow direction [3]

The vibrational behavior of the system can be
described by a pair of coupled equations: one
represents the displacement of the cylinder, while
the other captures the strength of the wake (vortex
street) generated behind the cylinder. The wake is
modelled using the Van der Pol equation, a well-
known nonlinear differential equation commonly
employed to describe oscillatory systems,
particularly those characterized by self-sustaining
oscillations. Figure 5 provides a visual
representation of the setup, illustrating a cylinder
of diameter D surrounded by a fluid flow with
velocity U. The cylinder remains stationary in the
direction of the flow but exhibits motion
perpendicular to the flow direction. Figure 5
depicts the model utilized in this study to study the
cylinder’s behavior with one degree of freedom.

The cylinder with diameter D is affected by the
flow with velocity U, and oscillates transversely.
Therefore, it is possible to express the motion of
the cylinder as follows [8]:

my+ry+ky =S (D)

5 =2 pU°DC ")

where y, k, S, p, and U are the transverse
displacement of the cylinder, stiffness of the
spring, fluid force, fluid density, and fluid velocity.
Additionally, D and C, are the diameter of the
oscillating cylinder and the lift force coefficient,
respectively. In addition, r and m are the total
damping and mass of the system that can be
defined as:
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m=m, +m, 3
r=r +r, (3)

In the above equations, rs and ms are the
damping and mass of the cylinder, while r; and ms
are the added damping and mass of the system.
These two parameters can be defined as follows:

_ 7C,pD’

.=
4
rf = ya)spD2 (4)

In relation (4), Cm, v, and ws are the added mass
coefficient, fluid-added damping coefficient, and
the angular frequency of cylinder vibration that
relates to the fluid velocity (U), Strouhal number
(St), and the diameter of the cylinder (D) as shown
in equation below:

27StU
o, == ()

The final equations of the wake-oscillator model
are derived by combining the equations of motion
and the Van der Pol equation, incorporating relevant
simplifications. The resulting equations can be
expressed as follows [18]:

y+(2§5+%)y+52y=Mq (6)

G+e(9° -1)q+q=Ny (7

In these equations, the empirical coefficients ¢
and N play a crucial role in this model.
Determining the most suitable values for these
coefficients is the primary objective of this
research. Additionally, the constant coefficient M
is calculated using the following equation:

— ®

Ar’St’u

The parameter & represents the ratio of the
vortex shedding frequency to the natural frequency
of the cylinder. It provides a quantitative
representation of how the inherent vibration
frequency of the cylinder relates to the frequency
at which vortices are shed from the cylinder due to
the fluid flow. In addition, £and p are the damping
ratio and the mass ratio, respectively.

3 RESULTS AND DISCUSSION

The  wake-oscillator  mathematical  model
incorporates two empirical coefficients that can be
optimized for predicting experimental results. The
calibration process involves optimizing the value
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of empirical coefficients € and N to ensure that
the wake-oscillator model can predict the
observed experimental data. By fine-tuning these
coefficients, the mathematical model more
accurately captures the vibrational behavior of
the system, thereby increasing its predictive
capabilities increases. Two methods have been
employed to estimate these coefficients with the
objective of obtaining the optimal values. In the
first method, the empirical coefficients are
manually adjusted within various intervals, and
the results for three examples are illustrated in
Figure 6. Through multiple trial-and-error
iterations, the range of 5 to 15 for N and 0.01 to
0.9 for € has been determined as the most suitable
selection for the empirical coefficients based on
the obtained outcomes. To determine the most
optimal solution, a weighted RMS objective
function has been utilized, aiming to minimize
the differences between experimental data and
the results of the model. By minimizing these
differences, the weighted RMS objective function
provides the best approximation and a good
agreement between the mathematical model and
the experimental data.

Figure 6 illustrates the results of the model for
three different pairs of coefficients through the
mathematical model. The first one with N=8 and
£=0.03, the results of the model fall within the
specified range; however, in the second curve,
with N=3 and &=0.2, N is outside the specified
range while € remains within it. The third case
represents the prediction of the model when both
empirical coefficients are outside the specified
range. It is evident that there is a significant
difference between the results obtained for the
coefficients outside the selected range and the
experimental results. Conversely, the results
obtained using values within the selected range (N
and €) have a superior prediction with the
experimental data compared to the other cases.
Additionally, upon examining the numerical
results derived from the objective function, it is
clear that the graph wherein both empirical
coefficients fall within the specified range exhibits
the lowest error value compared to the other cases.
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Fig 6. A one-degree-of-freedom model with different
empirical coefficients

Subsequently, Table 1 presents the results of the
RMS objective function that were obtained. According
to Table 1, the graph corresponding to the empirical
coefficients through the specified range exhibits the
lowest value for the objective function. The results
indicate that the corresponding graph provides the most
optimal and closest response, among these three cases,
to the experimental data. Further minimization of the
objective function reinforces the superior calibration of
the results with the experimental data.

Table 1. Various values selected for empirical coefficients

# N € RMS
1 8 0.03 0.241
2 3 0.2 0.369
3 20 0.005 0723
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As mentioned, at the first step, the trial-and-
error approach was used to find suitable
intervals for the empirical coefficients by
evaluating different values. However, manually
finding the best values that result in the lowest
error can be a time-consuming and impossible
process. To overcome this problem, in the
second step, the genetic algorithm has been
utilized to determine the optimal values for the
empirical coefficients. The genetic algorithm is
a search heuristic inspired by the process of
natural selection. It involves creating a
population of potential solutions and iteratively
evolving them to find the best solution. By using
the genetic algorithm, the search space for the
empirical coefficients can be efficiently
explored, leading to the identification of values
that minimize the error. This automated
approach saves time and improves the accuracy
of the estimation process for coefficients.

To enhance the optimization process, a
genetic algorithm is employed, incorporating
the RMS objective function along with a
weighted contribution of points. For each
empirical coefficient, an appropriate range is
selected as input for the genetic algorithm. To
further enhance the prediction accuracy of the
model, a weighting pattern is applied to the
objective function points. This pattern, as
illustrated in Table 2, assigns higher weights
for peak points and progressively reduces the
weight for other points to maintain the quality of
the super-upper branch prediction.

Table 2. Weighting coefficients used in the optimization process.

Points 1 2 3 4 5 6 7 8 9 10 11

Weight 0 2 0 1 0 1 0 1 0 3 4

The algorithm utilizes the specified ranges to
construct different pairs of coefficients, to initiate
the search for the optimal values of N and €. The
genetic algorithm determines values for N and €
and utilizes them for optimization based on the
RMS function. The pair of values that yields the
lowest RMS value represents the optimal solution
for the wake-oscillator mathematical model. The
range for ¢ is selected between 0.01 to 0.9, while
N varies from 5 to 15. These ranges provide
suitable boundaries for the genetic algorithm to
explore and identify the most effective values for

the empirical coefficients N and ¢ in the wake-
oscillator model.

The RMS objective function plays a crucial role
in the calibration of a mathematical model with
experimental data. The weighted RMS objective
function facilitates improvement in defining the
empirical coefficients of the model. One
significant advantage of utilizing the RMS
objective function is its ability to compute the
value for each individual in the population. This
individual-level evaluation provides a more
comprehensive assessment of model performance.
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Fig 7. Maximum amplitude according to the reduced speed
for the RMS objective function based on trial-and-error
(N=8, €=0.03) and genetic algorithm (N =13.44, £ =0.023).

For the investigated model, the values
obtained for the empirical coefficients of N and
¢ from the genetic algorithm based on the RMS
objective function are 13.44 and 0.023,
respectively.  Figure 7  illustrates the
mathematical model prediction, highlighting the
prioritization of peak points in the weighting
scheme. The peak values receive greater
emphasis compared to other points, resulting in
improved compatibility between the
mathematical model and experimental data. It is
evident that the peak of the mathematical model
exhibits a good prediction of the peak of the
experimental data. As the distance from the peak
increases, the compatibility of the points
progressively diminishes. These findings highlight
the effectiveness of the genetic algorithm,
weighted RMS objective function, and point
weighting algorithm in refining the mathematical
model and enhancing its predictive capabilities.
The optimized values of coefficients and the
weighting approach contribute to a more accurate
representation of the system dynamics, facilitating
improved model performance and close fitting
with experimental observations.

4 CONCLUSION

The aim of this research is to enhance the
calibration of the mathematical wake-oscillator
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model with experimental data. The experimental
results are collected for a developed laboratory
setup using a wind tunnel. The obtained results are
used to define the empirical coefficients of the
mathematical model through the genetic
algorithm, by employing the RMS with weighted
contribution of the points as an objective function.
The integration of the weighting algorithm with
the RMS objective function significantly
improved the accuracy of the wake-oscillator
model. The findings underscore the effectiveness
of the conventional RMS objective function in
optimizing model coefficients. For future studies,
other objective functions such as peak height or
hybrid functions combining multiple metrics will
be explored. These alternatives could provide
further insights into the model’s behavior and
enhance precision by addressing specific aspects
of the calibration of the mathematical model and
experimental results.
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