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ABSTRACT

Investigating solitary waves is critical for predicting the tsunami waves features
in the coastal region. The Smooth Particle Hydrodynamic method (SPH) is the
Lagrangian meshless method that is commonly used to simulate nonlinear
waves and free surface problems. In this study, the SPH method is used to
investigate the propagation of the breaking and non-breaking solitary waves
over the linear and nonlinear sharp slopes sea bed. The presented SPH model is
validated in comparing the experimental and another numerical model. The
results show that the presented method prepares powerful tools to simulate the
solitary wave propagation over the variable sea bed. Then, the transmitted
solitary wave from the linear and nonlinear sharp slopes of the sea bed were
compared. The results show that the solitary wave energy loss for waves
propagating through the linear slopes is more than that of non-linear slopes.
Moreover, the solitary wave transmission coefficient increases with increases in
wave height in the linear and nonlinear slope. Also, the transmitted solitary wave
height through the nonlinear slope is slightly more than the linear slope. Finally,
the breaking Solitary waves when passing through the variable depth in the near
shore with nonlinear slopes is investigated by comparing the wave free surface,
streamlines, and orbital velocities before and after wave breaking. The results
show that the solitary wave horizontal orbital velocity values after the wave

breaking are increasing in comparison with before breaking.

1. Introduction

The tsunami is generated after the rapid scale-up
turbulence of a volume of ocean water due to
underwater disturbances like underwater earthquakes,
landslides, and volcanic eruptions. The long waves
with small amplitudes (usually less than 1 m of height
and more than 100 kilometers of the wavelengths) are
formed in the deep ocean water due to underwater
disturbance. When this mass of water moves toward the
coast, the waves height increases as the water depth
decreases near the coast. These massive and dangerous
long waves have caused many financial and fatality
consequences in coastal regions. For example, the
tsunami of 2004 in India with more than 230,000 dead,
and the tsunami of 2011 in Japan with more than 20,000
dead and 360 billion dollars in financial consequences
can be reviewed [1].

Since the surface profile of a tsunami is similar to that
of solitary long waves, these waves have been widely

used to simulate and study the physical behavior of
tsunami waves in detail since the 1970s. In this regard,
the solitary wave are used to study the tsunami run-up
on the coastal slope (Di Risio et al., 2009 [2]; Knowles
and Yeh, 2018 [3]; Ershadi, et al., 2019 [4]), the
interaction between tsunami waves and structures
(Fathi and Ketabdari, 2018 [5]; Ko and Yeh[6], 2019;
Jensen, 2019 [7]; Vinodh and Tanaka, 2020 [8]; Wei et
al., 2021 [9]; lin et al., 2023 [10]), and coastal sediment
and morphology (Xiao et al., 2010 [11]; Li et al., 2019
[12]). It should be noted that there are some
dissimilarities between the solitary and real tsunami
waves in shallow water were noted by Madsen et al.
2008 [13], and Qu et al.[14].

When a solitary wave propagates in shallow water with
a variable sea bed, several critical phenomena occur.
Some of the solitary wave's energy is reflected, and
some is lost due to friction on the seabed. Also, the
remainder of wave energy pass over the seabed slope
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or underwater obstacles [Liu et al, 1991 [15]; Vaziri et
al., 2011 [16]; Papoutsellis et al., 2018 [17]]. Moreover,
as solitary waves pass over the variable seabed, small
solitary waves are formed from the original wave,
which is called the fission phenomenon. Understanding
wave fission is important for predicting how waves will
behave in shallow or variable-depth waters, which has
implications for coastal engineering, marine
navigation, and tsunami modeling. So far, many studies
have been done on the solitary waves propagating
through the variable bed some of which are mentioned
below.

Seabra-Santon et al., 1987 investigated the interaction
of solitary waves with a varying seabed using the finite
difference method in conjunction with the shallow
water equations. They compared the numerical results
with experimental data [18]. Sriram et al. (2006)
studied the same problem (Seabra-Santon et al. study)
using the finite element method by solving the
nonlinear potential theory [19]. Chowdhury and
Sannasiraj (2013) simulated the propagation of solitary
waves over both constant and varying seabeds using the
SPH method [20]. They showed that the solitary waves
split into several solitons when crossing the continental
shelf. Tan et al., 2019 presented a numerical model to
predict the number and amplitudes of the disintegrated
solitons of solitary waves propagating over a step [21].
They also compared the numerical results with the
experimental data from Seabra-Santon et al., 1987.
Chao et al., 2021 prepared an experimental setup to
study the interactions of solitary waves with a
Submerged Step using the image-connection
technique. They investigated the effect of changing the
step height and solitary wave height of the transmission
wave features [22]. Fang et al., 2022 studied the
interaction of solitary waves and complex bathymetries
with the different linear slopes [23]. They showed that
two-layer Boussinesq model is a powerful tool for
modeling the solitary wave propagation and
transformation over the linear sea bed. Lin et al., 2023
prepared laboratory experiments to investigate the
breaking of solitary waves propagating through
submarine canyons [10]. They used a combination of
particle image velocimetry and planar laser-induced
fluorescence techniques to measure the free surface
solitary wave data.

The extensive literature review presented above shows
that so far no numerical or experimental studies have
focused on the interaction of solitary waves with
nonlinear slope variable seabed depth. In this study, the
interaction of the generated solitary waves in NTW
using the SPH method and the linear and nonlinear sea
bed slopes. After explaining the theoretical formulation
of the SPH method in Sec. 2, the presented SPH model
is validated in comparing the experimental and another
numerical model. Additionally, the solitary wave
generated using the SPH method is validated by
comparing it with the Boussinesq solitary wave
equation. The results demonstrate that the presented

SPH model accurately simulates solitary wave
propagation through a variable seabed. After model
validation, the interaction between the transmitted
solitary wave and linear and nonlinear seabed slopes is
investigated. The effect of the non-breaking solitary
wave height (H) on the wave transmission coefficient
(Ct) after propagating through the linear and nonlinear
slopes is also studied. Finally, the phenomenon of
solitary wave breaking on the nonlinear slope when
passing through variable depth in the nearshore region
is examined. Streamline and orbital velocities before
and after wave breaking are also compared.

2. Smoothed Particle Hydrodynamics method
2.1. Kernel function

The basin equation in the Smoothed Particle
Hydrodynamics method for each variable A(r) is
shown as follows:

A(r) = fA(r’)W(r —r',h)dr’ 1

Where, r and r' represent the location of the main and
neighboring particles respectively, h is the effective
radius of the neighboring particles, and W (r — r', h) is
the kernel function that is used to interpolate between
the neighboring particles. Several equations are
suggested for kernel functions. In this study, the cubic

spline function was used, which is defined below:
W(r, h)

10 ( 3, 3,

7nh2<1_§q _Zq> 0<gq<1 2
= 10

28nh2(2_q)3 1<g<?2

n ~~ D

Where, q=r/h and r = r, — r’ is the distance between
particle a and its neighboring particles.

2.2. The conservation of the mass

The governing equations in the SPH method consist of
the continuity and momentum equations as shown

below [24]:
10p _ 3
lB)W-I-Viu_O 1 4
u___ 2 1
D DVP+g+v0V u+DVT

Where © s the density, s the velocity, g = (0, 0, -

9.81) is the gravity acceleration, P s the pressure and

Yo is the kinematic viscosity and T is the SPS stress
tensor.

The discretized form of the above equations as shown
below [25], [26]:

dp m
dta zpazp—:uab-vwab 5
du, P, P, T, T
=g+Zm S+—=+—=+—2)
dt e N s ]

4u,rV Wy,
+ z my 3 3
= (e + 1) (Irep? +12)

where, n? = 0.01 * h?, u,, = u, — uy, is the velocity
difference between the interpolation particle a and
neighboring particle.

2.3. Equation of State
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In this study, the fluid is considered weakly
compressible. Therefore, the equation of state (EoS) is
used to compute the pressure term ([27]).

P\’ 7
S
Copr” 8
B= 0Po
v

Where B is the constant parameter which is related to

Bulk module, 7 = 7 is the polytropic constant and CO
is the sound velocity in the reference density. It should
be noted that ¢y is not the real speed of sound and this
value is restricted to be at least 10 and maximum 40
times the maximum fluid value to ensure that the
density variations are less than 1%.

2.4. XSPH Method

The Particles movement is modified by monaghan
according to the following equation [28].

ar m
e ="Va +sZp—aiVabWab
- Pab Uy :
In which, and ® is the density and the average

velocity between a and b. also, ¢ is a constant
parameter which is located between 0 and 1 and is
considered 0.5.

2.5. Solitary wave generation

The solitary wave free surface is defined based on long
wave theory on position x and time ¢ as following:

n(x,t) = Hsech?[ /% (x —ct)] 10
¢ =g, +do) i

Where, C is the solitary wave velocity, H is wave
height, and d, is water depth.
The piston type wave-maker is used to generate a
solitary wave in shallow water according to bellow
equation [29].
© 2H d, tanh (—ﬁc(tz_t(’))
x(t) =—
doB d, + h(1 — tanh? (E<L=2)y
5—2 3H3
T 4d*(H + dy)
where, x is the position of the piston type wave maker
at different times and [ is the coefficient of boundary
lag. Also, the speed of the wave paddle is obtained from
the below equation:
Ax
Uyt = At

12

13

14

It should be noted that the Wave Maker is modeled with
zero speed and displacement particles in the SPH
method.

3. Simulation of solitary wave in constant depth
In this section, the generated solitary wave is validated
by the analytical Boussinesq equation. In this regard,
the simulated wave flume in the SPH method is shown
in Fig. 1.

Fig. 1: The simulated wave flume in the SPH method to
validate solitary wave generation

The simulated solitary wave free surface at locations, x
=5 and x = 8 is presented in Fig. 2. Also, the percentage
difference between the SPH simulation and the
Boussinesq equation are shown in Table 1. These
results demonstrate that the solitary wave simulated
using the SPH method shows good agreement with the
Boussinesq equation. Furthermore, Wave velocity
based on the Boussinesq equation (Eq. (11)) and SPH
method (C=Ax/At) are compared. The results indicate
that the Wave velocity in Boussinesq models is equal
to 1.469 m/s and in the SPH method is 1.473.
Therefore, the proposed SPH method demonstrates
sufficient accuracy in comparison with the Boussinesq
theory.

Fig. 2: Validation of the generated solitary waves by SPH
method in comparing Boussinesq models in, a: x =5 m,
b: x=8 m.

3.2. Solitary wave validation when propagate
through the sudden change in bed

When the solitary wave propagates in shallow water
with a variable bed, some parts of the solitary wave
energy are lost due to reflection and friction on the sea
bed. Additionally, as the solitary waves pass over the
variable bed, small solitary waves are formed behind
the original wave, a phenomenon known as fission. The
fission can affect wave energy distribution, which is
crucial for designing coastal structures, predicting
wave impact, and managing coastal erosion.
Understanding how waves break up into smaller waves
can help in predicting the behavior of tsunamis and
storm surges as they approach shorelines with varying
depths. In this section, the simulated solitary wave
crossing the variable bed by the presented SPH method
is validated against experimental data (Seabra santon et
al, 1987 [18]) and compared with other SPH numerical
results (Choudhary et al., 2013 [20]). The parameters
used in the current SPH model are shown in Table 1.

Table 1: the Parameters used in the presented SPH
simulating

Variable Description  Input data

Kernel Cubic Spline
Time-Stepping Algorithm  Simplistic

Viscosity Treatment Laminar+SPS
Equation of State Tait

Box dimension (m) 20, 0.6
Particle spacing (m) 0.005, 0.005
CFL number 0.2
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sound speed coefficient 20

The experimental wave flume used by Seabra Santon
et al, with a length of 16 m, an initial water depth of 20
cm, a secondary water depth of 10 cm, and a solitary
wave height of 3.65 cm, is shown in Fig. 3. The
numerical wave set up by the presented SPH method is
shown in Fig. 4. As depicted in this figure, several
small solitary waves are formed as the main solitary
wave propagates over the variable bed. Also, the
solitary wave free surface generated by the presented
SPH method is compared with the experimental results
by Seabra Santon et al. (1987) and numerical SPH
results by Choudhary et al. (2013) in Fig. 5. This
comparison demonstrates that the presented SPH
model achieves high accuracy in simulating solitary
waves crossing a variable bed.

Fig. 3: The experimental wave flume used by Seabra santon et
al.

Fig. 4: Simulating the solitary waves passing the variable bed
using the presented SPH method

Fig. 5: comparing the presented results with the experimental
results by Seabra Santon et al. (1987) and numerical SPH
results by Choudhary et al. (2013)

4. Comparison of the solitary wave propagation
through the curve and linear slope

In this section, the propagation of solitary waves over
linear and nonlinear variable sea beds is compared. The
simulated solitary waves and the corresponding wave
flumes with linear and nonlinear slopes are illustrated
in Fig. 6. The wave flumes have a total length of 10 m,
with an initial water depth of 20 cm, a secondary water
depth of 10 cm, and a solitary wave height of 4.5 cm.

Fig. 6: The simulated solitary wave passing through a: linear
slope, b: nonlinear slope

The solitary wave free surface while passing over the
linear and nonlinear slope beds is compared in Fig. 7.
This figure indicates that the area below the passing
solitary wave free surface over the nonlinear slope is
slightly larger than that of the linear slope.
Consequently, it can be concluded that wave energy
loss for waves propagating over linear slopes is greater
than for those propagating over nonlinear slopes. The
orbital velocities in X direction at the solitary wave
crest in X=2.5m and X=3m for the linear and nonlinear
slops are compared in Fig. 8. It is observed that the
orbital velocities at the solitary wave crest while
passing over linear slopes are higher, indicating a
greater likelihood of wave breaking on linear slopes
compared to nonlinear slopes. The reason for this is that
the wave's shoaling process is less abrupt compared to
linear slopes. The depth changes more gradually,
allowing the wave to adjust smoothly. Consequently,
the increase in orbital velocities near the crest is less
pronounced, as the wave's energy is distributed over a

larger area. As a result, the likelihood of wave breaking
is reduced compared to linear slopes

Fig. 7: Comparison the solitary wave free surface when passing
through the linear and nonlinear slope

Fig. 8: The orbital velocities in X direction at the solitary wave
crest a: X=2.5m, b: X=3m

4.1. The solitary wave transmission coefficient

In this section, the effect of the solitary waves height
(H) on the wave transmission coefficient (Ct) after
passing through the linear and nonlinear slops is
investigated. Figure 9 and Table 2 illustrate the
relationship between solitary wave height and the
transmission coefficient. These results indicate that the
transmission coefficient increases with increasing
wave height for both linear and nonlinear slopes. This
finding suggests that the impact of water depth
variations on incident solitary waves diminishes as
wave height increases. Additionally, Figure 9
demonstrates that the transmission coefficient for
solitary waves passing over nonlinear slopes is slightly
higher than for linear slopes. The interaction of the
wave with a nonlinear slope can create complex
boundary layer effects that might reduce energy
dissipation compared to a linear slope. This reduction
in dissipation can lead to a higher transmission
coefficient. While, linear slopes might have simpler
boundary layer interactions that result in slightly higher

energy loss.
Table 2: The solitary wave effect on the transmission coefficient

dl(ecm) H(@m) Ctfor Linear Ct for Nonlinear
slope slope
20 6 .862 .874
20 8 .881 .892
20 9.5 .907 922

Fig. 9: Comparison of the transmission coefficient of passing
solitary wave through the linear and nonlinear slope

4.2. Breaking Solitary Wave with Changing Water

Depth

Solitary waves break when the water depth decreases
significantly due to changes in sea bed level. its study
is essential for advancing our understanding of coastal
processes, improving hazard prediction and mitigation,
and designing sustainable coastal infrastructure. In this
section, the phenomenon of breaking solitary waves on
anonlinear slope while passing through variable depths
near the shore is investigated.

The wave flume used to simulate solitary wave
breaking near the shore has a length of 10 m, an initial
water depth of 50 cm, a secondary water depth of 10
cm, and a solitary wave height of 15 cm, as shown in
Fig. 10. When the solitary wave propagates over steep
slopes, parts of its energy are lost due to reflection,
fission, and friction, while the remaining energy is
dissipated during wave breaking. The solitary wave
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free surface both before and after breaking is shown in
Fig. 11.

Fig. 10: The simulated wave flume in SPH model

Fig. 11: The solitary wave free surface before and after wave
breaking

To investigate the wave-breaking phenomenon more
precisely, the streamlines and orbital velocities in the X
and Y directions are studied before and after the
breaking. In this regard, the streamlines before and
after the breaking are compared in Fig. 12. It should be
noted that the angle of the streamline arrow with
horizontal axis @ = tan~!u/v in where u and v are
horizontal and vertical orbital velocities. The orbital
velocities in the X and Y directions, studied before and
after the break, are compared in Fig. 13 and Fig. 14,
respectively. Figure 13 shows that the horizontal
velocity at the solitary wave crest is at a maximum.
Additionally, the horizontal velocity values of the
solitary wave increase after wave breaking compared
to before the break. It is due to energy redistribution,
momentum transfer, wave transformation, and
nonlinear interactions.

Fig. 12: The streamline solitary waves, a before wave breaking,
b: after wave breaking

Fig. 13: The solitary waves orbital velocity in x direction, a:
before wave breaking, b: after wave breaking

Fig. 14: The solitary waves orbital velocity in x direction, a:
before wave breaking, b: after wave breaking

5. Conclusion

In this study, solitary waves were generated in a
Numerical Tank Wave (NTW) using the SPH method
to investigate their interaction with linear and nonlinear
slope sea beds. The presented SPH model was
validated by comparing the results with experimental
data and other numerical models. Additionally, the
generated solitary wave using the SPH method was
validated by comparing it with the Boussinesq solitary
wave equation. The results demonstrated that the
presented method accurately simulates solitary waves
propagating through variable sea beds. Subsequently,
the transmitted solitary waves from linear and
nonlinear sea bed slopes were compared. The effect of
solitary wave height (H) on the wave transmission
coefficient (Ct) after propagating through linear and
nonlinear slopes was also investigated. Finally, the
phenomenon of breaking solitary waves on nonlinear
slopes, while passing through variable depths near the
shore, was examined. Also, the streamlines and orbital
velocities before and after solitary wave breaking were
compared. The main results of this study are
summarized as follows:

1)

2)

3)

4)

S)

The solitary wave energy loss for waves
propagating through linear slopes is greater
than (about 3%) that for nonlinear slopes.
Since the orbital velocities at the solitary wave
crest passing through the linear slopes are
greater, the possibility of waves breaking on
linear slopes is greater than the nonlinear
slopes.

The transmission coefficient increases with
increasing wave height in both linear and
nonlinear slopes.

The transmission coefficient for solitary waves
passing through nonlinear slopes is slightly
higher (about 5%) than that for linear slopes.
The solitary wave horizontal velocity values
after wave breaking increase (more than 60 %)
compared to those before breaking.
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1. Introduction

ABSTRACT

Composite panels are commonly used structural forms in marine environments,
subjected to complex dynamic loads and vibration forces due to harsh
operational conditions. Understanding their vibrational behavior is crucial for
ensuring structural reliability and performance. The presence of localized mass
variations, such as concentrated masses from attached equipment or marine
growth, significantly influences their dynamic response. This study investigates
the impact of concentrated masses on the vibrational characteristics of a
composite panel under fixed and pinned boundary conditions through
comprehensive experimental and numerical analyses. A finite element (FE)
model was developed and updated based on experimental modal analysis
results. The findings reveal that the location and magnitude of concentrated
masses play a critical role in altering mode shapes and reducing natural
frequencies. The introduction of concentrated masses leads to a systematic
frequency shift, with greater reductions observed for higher mass magnitudes.
The validated FE model enables an extended parametric analysis, reducing the
dependency on extensive experimental testing. These insights provide a
foundation for optimizing vibration control strategies in composite marine
structures, contributing to improved design methodologies for enhanced
structural integrity and performance.

serve as essential structural components across various
engineering applications particularly in marine settings

Composite materials are engineered from two or more
distinct constituents, each contributing unique
properties to the final product. The resulting composite
structure typically exhibits enhanced physical and
mechanical characteristics compared to the individual
components [1]. Composite materials have attracted
significant interest in recent years and are now
commonly considered a viable alternative to traditional
materials like metals and wood. They have been vastly
adopted in the marine industry over time [2,3]. The
increasing utilization of composites can largely be
attributed to the numerous advantages composites
offer, such as high specific strength and stiffness,
enhanced damage tolerance, as well as superior
resistance to fatigue and corrosion. These advantages
make them ideal for watercraft, submersibles, offshore
structures, and other components used in marine
construction [4,5].

One of the most common structural forms for
composites is the panel type [6]. Composite panels

[7,8]. Depending on their intended use and taking into
account their operation in harsh marine and offshore
conditions, composite panels utilized in these
applications might experience various dynamic and
vibration forces [9]. Intense vibration can significantly
impact the safety and reliability of these thin-walled
structures. Therefore, evaluating the dynamic and
vibrational properties of marine and offshore
composite panels and assessing their behavior under
vibration loads is very important and has become
challenging for engineers [10].

In many engineering structures, particularly those of a
panel-type design, local mass variations frequently
appear as concentrated mass connections [11].
Concentrated masses may develop in marine and
offshore structures because of the weight of detachable
equipment utilized and, in certain situations, due to the
accumulation of marine growth [12]. These
concentrated masses can significantly impact the
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structural behavior and vibration response under
different loading conditions [13]. Mass is a critical
factor influencing the dynamic characteristics and
vibration behavior of the structures [14]. Alterations in
the local mass distribution at specific locations within
a structure can result in significant shifts in its natural
frequencies. Consequently, variations in mass can
substantially alter the behavior of the structure under
vibrational loads, causing changes in the modal
parameters and the overall vibration response [15].
This could lead to unexpected deformations that differ
from those predicted during the design phase [16].
Furthermore, in the context of composite structures,
which are often engineered to achieve specific
performance metrics, the effects of local mass
variations can be even more pronounced [17]. These
materials are typically designed to optimize strength-
to-weight ratios, stiffness, and other mechanical
properties. Therefore, understanding how local mass
variations affect vibration behavior is critical for
ensuring that their performance aligns with design
expectations and that they meet safety and functional
requirements [18]. Chaubey et al. [19] conducted a
study on the free vibration analysis of various types of
laminated composite shells with concentrated mass by
creating a finite element (FE) formulation that utilizes
third-order shear deformation theory (TSDT). Yang
and Oyadiji [20] studied delamination in composite
beams, caused by concentrated mass loading which
affects the variations in modal frequency. Eken et al.
[21] formulated the dynamic stability of thin-walled
composite beams in rotation with rigid bodies. Hossain
et al. [22] investigated the vibrations of composite
plates with concentrated mass, examining how varying
amounts of concentrated mass and their locations
affected the eigenfrequencies of the plates. Zhong et al.
[23] studied the stability of rectangular composite
plates subjected to an arbitrary mass, specifically
analyzing how concentrated mass and its spatial
distribution influenced the plate's frequency response.
Mandal and Haldar [24] assessed the free vibrations of
composite plates and panels featuring concentrated
mass at the center, considering various boundary
conditions. Vatin et al. [25] investigated the vibrations
of a composite plate with concentrated masses in a
nonlinear geometric context, exploring the effects of
concentrated mass values, their locations, property
variations of the composite materials, and other
parameters on the frequency response of vibrations.

This study investigates the influence of concentrated
masses on the dynamic behavior and vibrational
response of a composite panel under fixed and pinned
boundary conditions. The primary objective is to
examine how the location and magnitude of these
masses affect mode shapes and natural frequencies,
providing critical insights into vibration control
strategies for composite structures. To achieve this, an
integrated experimental and numerical approach was

adopted. Experimental modal analysis was conducted
to capture the vibrational characteristics of the panel
under various mass configurations, while a FE model
was developed and updated based on these results. The
updated FE model was then employed to extend the
parametric analysis, enabling a detailed assessment of
frequency shifts and mode shape variations across
different mass scenarios. Furthermore, the sensitivity
of the panel’s dynamic response to support conditions
was analyzed, revealing distinct trends in frequency
reduction and vibrational behavior alterations. The
findings demonstrate that the positioning and
magnitude of concentrated masses significantly impact
the structural dynamics, leading to notable shifts in
natural frequencies and mode deformation patterns.
These insights contribute to the development of more
effective vibration control methodologies, ultimately
enhancing the structural performance and reliability of
composite marine components.

2. Methodology

2.1. Modal Analysis and Experimental Tests

Modal analysis is a highly effective method for
assessing and identifying the dynamic characteristics of
a structure, such as natural frequencies, mode shapes,
and damping ratios, and includes both theoretical and
experimental techniques [26]. In recent years, with the
trend towards designing structures with less weight and
higher strength, modal analysis has gained a special
place in vibration analysis and studying the dynamic
behavior of various structures [27]. The main objective
of modal analysis is to obtain more accurate dynamic
characteristics of a structure using analytical,
numerical, and experimental or combined methods. In
this study, experimental and numerical modal analysis
was used to investigate the effect of added concentrated
masses on the vibration behavior and dynamic
characteristics of a composite panel structure [28].

In order to perform experimental modal analysis, a
physical model of the composite panel was fabricated
using hand layup and vacuum bagging mold process.
The materials selected and the method of fabrication
were determined according to DNV guidelines and
specifications for building composite structures
intended for marine and offshore applications [29]. In
the fabricated composite panel, woven glass fibers
were used for the reinforcement phase and a mixture of
polyester resin and hardener with a weight ratio of 70
and 30 for the matrix phase. To construct the model
under study, 10 layers of glass fibers were used with
the stacking sequence of [0,90]s to achieve a final
thickness of 2 mm. The final dimensions of the
composite panel after cutting were 750mm X
800mm X 2mm.

There are several methods available for conducting
modal testing, with the shaker test being the most
widely used. In this approach, a shaker excites the
structure using a specific signal, and the response of the
structure is captured as time histories using sensors
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such as accelerometers [30]. The frequency response
functions (FRFs) are then derived by applying the fast
Fourier transform to the recorded time history
responses, allowing for the calculation of the structure's
natural frequencies [31]. Since the modal parameters of
the structure are influenced by mechanical
characteristics like mass and stiffness, any alterations
to these characteristics will lead to corresponding
changes in the modal parameters [32,33].

To perform the experimental modal analysis, the
physical model of the composite panel was excited by
a shaker under both fixed and pinned support
conditions. The excitation force applied to the model
was a sinusoidal signal with a zero mean. Acceleration
time history data were recorded at several points of the
model wusing accelerometers. These data were
transferred to the Pulse software for processing. The
experimental modal analysis was conducted under two
different scenarios to comprehensively assess the
effects of concentrated masses on structural behavior.
The first scenario involved the analysis without any
added concentrated masses, allowing for a baseline
understanding of the system's modal characteristics.
The second scenario included alterations to the local
mass by adding concentrated masses to evaluate their
influence on the dynamic response of the structure.
Furthermore, the analysis incorporated both fixed and
pinned support conditions, which enabled a thorough
investigation of how different boundary conditions
affect the modal response. The vibrational response
was measured at multiple points throughout the
composite panel to establish a detailed representation
of its dynamic performance under various test
conditions. The concentrated masses were applied in
the center of the panel with two weights of 100g and
200g. Figure 1 shows the overview and method of
performing the experimental modal analysis, as well as
the location of the excitation point, accelerometers, and
added concentrated masses.
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Figure 1. Experimental modal analysis: A) overview of the
experimental test; B) location of excitation point,
accelerometers, and added concentrated masses

The data obtained from the experimental modal
analysis and pulse software processing for the
composite panel were recorded as time history
responses and FRFs. The required data were measured
at three points A, B and C in the state of no added
concentrated masses and with excitation at point E on
the composite panel model. Then, by applying 100g

10

and 200g weights at point M on the composite panel as
concentrated masses, the response of the structure was
also collected.

2.2. Finite Element Model of the Composite Panel

An FE model of the composite panel was developed
using ABAQUS software, with similar geometry to the
physical model, to ensure valid comparisons between
simulated and experimental data (Figure 2). The model
was designed with layered configurations to simulate
the fiber orientations and stacking sequence. Pinned
and fixed boundary conditions were applied to the
model. A meshing strategy was employed that resulted
in 6,375 quadrilateral elements, which were chosen to
provide a balance between computational efficiency
and the accuracy of the results.

Figure 2. FE modeling of the composite panel via ABAQUS:
A) Fibers orientation; B) Meshing

Material properties of the composite panel were
obtained based on characteristics of the constituent
material used in fabrication which are presented in
Table 1. To calculate the material properties of the
composite panel the rule of mixtures equations were
used.

Table 1. Mechanical properties of the composite panel’s
constituent material

Reinforcement

phase Matrix phase
x‘zt:;:iles Unit Symbol Value  Symbol value
Elastic modulus ~ GPa Ef 30.1 E, 3.5
Poisson ratio - Vs 0.2 U 0.35
Shear modulus ~ GPa Gy 10 G 2
Volume fraction % Ve 70 Vin 30

According to the rule of mixtures, the elastic modulus,
shear modulus, and Poisson ratio can be calculated
using these equations:

__ GsGm
Ge = GV f+G fVim (2)
U = Vf Ur + Vi 3)

where E., G., and v, are the elastic modulus, shear
modulus, and Poisson ratio of the composite,
respectively. The equations used for predicting the
mechanical properties of composites are well-
documented and established, allowing for accurate
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estimation based on the properties of the constituent
materials [34]. This predictive capability is valuable for
the design and optimization of composite materials in
practical applications [35]. By employing these
equations, it would be possible to assess the
performance of composites without the need for
extensive experimental testing, saving time and
resources in the development phase. The estimated
mechanical properties of the composite panel are
outlined in Table 2. This information was used in the
modeling of the composite panel.

Table 2. Mechanical properties of the composite panel

Material properties Unit Symbol Value
Density Kg/m3 p 1500
Longitudinal Elastic Modulus GPa E; 22.4
Transverse Elastic Modulus GPa E, 22.4
Poisson ratio - Uqo 0.23
Shear Modulus in the 1-2 GPa Gy 47
Plane
Shear Modulus in the 2-3 GPa Gys 26
Plane
Shear Modulus in the 1-3 GPa Gys 36
Plane

2.3. Numerical Modal Analysis

The numerical modal analysis process involves

developing and refining a comprehensive mathematical
model that effectively represents the structural system.
This is achieved through the application of FE analysis,
which enables the examination of the system's
equations of motion under different boundary
conditions and loadings [36]. For the model under
investigation, numerical modal analysis was performed
using ABAQUS software.

The primary goal of this analysis was to validate the FE
model by calculating numerical frequencies and
subsequently = comparing these values  with
corresponding experimental results obtained through
physical testing. This comparison is essential as it
serves to highlight differences between the
experimental and the predicted results. To enhance the
accuracy of the FE model, modifications and updates
were made based on the findings from this comparison,
ensuring that the numerical model reflects a more
realistic representation of the structural behavior.
Given that conducting experimental modal analysis is
costly and very time-consuming, particularly when
dealing with different locations and magnitudes of
concentrated masses applied to the model, the updated
FE model was utilized to overcome these challenges.
This approach not only simplified the analysis process
but also enabled a comprehensive evaluation of the
composite panel's behavior across a range of
conditions, without the need for extensive physical
testing.

3. Results and Discussion

11

Following the modal analysis, the impact of sensor
positioning and support conditions on the quality and
accuracy of the measured data was assessed using
coherence functions. Figure 3 presents the coherence
functions for the acceleration time history responses of
the composite panel, evaluated under fixed and pinned
support conditions at three locations: A, B, and C.
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Figure 3. Coherence functions of acceleration time history
responses of the composite panel

As illustrated in Figure 3, the coherence function tends
to decay more significantly as the sensors are
positioned farther from the excitation point and closer
to the supports. This trend is attributed to the reduction
in vibration amplitude at locations near the supports.
Since the coherence function indicates the relationship
between the response signal and the input excitation
force signal, a decrease in amplitude and excitation
strength results in the coherence value shifting from
one to zero [26]. This phenomenon is distinctly evident
in the presented coherence functions. Moreover, the
decay in coherence is more pronounced under fixed
support conditions, as the fixed support imposes greater
restrictions on the amplitude of the excitation signal
compared to the pinned support.

Based on the coherence functions, it can be concluded
that positioning the sensor near the excitation point
yields a more accurate and higher-quality response.
Therefore, in the modal analysis of the composite panel
with added concentrated masses, to achieve a more
precise evaluation, the accelerometers were placed at
point B, closer to the excitation point, to ensure the
collection of higher-quality data. Figure 4 shows the
coherence functions of the acceleration time history
responses for the composite panel carrying
concentrated masses at the center of the panel.
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Figure 4. Coherence functions of acceleration time history
responses of the composite panel carrying concentrated
masses

According to Figure 4, it is evident that added masses
result in coherence functions trending closer to zero.
This decline indicates a reduction in the vibrational
coherence of the system, suggesting that the added
masses disrupt the energy distribution across the
composite panel. Moreover, as the magnitude of these
concentrated masses increases, the decay of the
coherence functions becomes more pronounced,
highlighting a more significant impact on vibrational
behavior. To assess the impact of concentrated masses
on the vibration behavior of the composite panel, the
natural frequencies both with and without concentrated
masses were calculated. Additionally, the analysis
considered two different support conditions (fixed and
pinned) to provide a more thorough understanding of
how the support conditions affect the panel's vibration
behavior. The results are summarized in Table 3.

Table 3. Natural frequencies resulted from experimental
modal analysis (Hz)

Supp_o_r ¢ Mode No mass 100g mass 200g mass
condition
1 355 33.42 28.66
2 65 61.95 57.38
Fixed
3 73 70.46 66.94
4 104 100.1 95.42
1 21.3 18.23 16.87
2 48.47 46.68 46.04
Pinned 3 55.56 54.36 53.68
4 82.45 81.89 79.94

The natural frequencies of the numerical model were
also calculated using the initial FE model without
applying concentrated masses. The results of the
numerical modal analysis were compared with the
experimental findings to validate and assess the
accuracy. The results of numerical modal analysis are
presented in Table 4.

Table 4. Natural frequencies resulted from numerical modal
analysis using initial FE model (Hz)

Mode

Support
condition

Fixed 1

No mass 100g mass 200g mass

20.65 17.89 15.89

1ol weight

il | 20l welghi
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2 38.74 38.51 38.33
3 45.93 45.54 45.20
4 59.72 59.65 57.39
1 10.31 9.37 8.63

2 24.89 24.12 23.94

Pinned

3 29.82 29.41 28.56
4 41.24 41.23 41.14

As observed in Tables 3 and 4, there are notable
differences between the experimental findings and the
results obtained from numerical simulations. These
differences arise primarily from the simplifications and
assumptions made during the numerical modeling
process, which may not fully capture the complexities
of the actual behavior of the composite panel. To
address these differences and enhance the accuracy of
the analyses, the FE model of the composite panel was
updated. This updated model incorporates more
realistic parameters and refined assumptions to better
align the simulation results with the experimental data.
The calculated natural frequencies, as derived from this
updated model, are summarized in Table 5, providing
a clearer understanding of the dynamic characteristics
of the composite panel. This updated model allows for
improved predictive capabilities and a more reliable
representation of the panel's behavior under various
conditions.

Table 5. Natural frequencies resulted from numerical modal
analysis using updated FE model (Hz)

Support
condition Mode No mass 100g mass 200g mass
1 35.35 28.74 24.77
2 66.38 65.08 64.72
Fixed
3 78.98 76.34 75.64
4 110 100.1 93.31
1 20.13 17.17 15.15
2 47.77 47.51 47.31
Pinned
3 56.53 56.10 55.73
4 80.53 80.06 73.21

A thorough comparison of the frequencies obtained
from the experimental modal analysis with those
calculated using the wupdated numerical model
demonstrates only a minimal discrepancy. This finding
highlights the accuracy and reliability of the updated
model. The enhanced model not only confirms the
validity of the numerical results but also allows for a
comprehensive evaluation of the composite panel's
performance under a range of conditions. Importantly,
this capability reduces the need for conducting
numerous physical tests, enabling efficient analysis and
insights into the behavior of the composite material
across different scenarios and conditions.

In order to thoroughly evaluate the behavior of the
composite panel carrying a concentrated mass and to
achieve an insight into the vibration control of this type
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of structure, its frequency responses were calculated
under different conditions. The updated FE model was
implemented for this purpose. In this regard,
concentrated masses with different magnitudes in
various locations on the composite panel were applied.
The modal analysis was performed under fixed and
pinned support conditions to obtain the natural
frequencies and extract the mode shapes at each
scenario. The positioning of the applied concentrated
masses is illustrated in Figure 5. The arrangement of
mass locations was selected in such a way as to enable
the assessment of their influence both in proximity to
the center of the plate and near the supports.

-

Figure S. Schematic illustration of the positioning of
concentrated masses in the updated FE model

Concentrated masses with different magnitudes were
applied to the numerical model using the inertia tool in
ABAQUS by defining point mass on the specified
locations of the composite panel model. Subsequent to
the selection of the required set, the ABAQUS solver
was used to perform the numerical modal analysis with
various conditions of concentrated masses locations
and magnitudes. The frequency responses and mode
shapes were derived for each condition. Mode shapes
of the composite panel carrying concentrated masses
are presented in Table 6 and Table 7 under fixed and
pinned support conditions, respectively.

Table 6. Mode shapes and natural frequencies of the model carrying concentrated mass under fixed support condition

Mode 1 Mode 2 Mode 3 Mode 4
Concentrated
mass condition  Mode shape Frequency Mode Frequency  Mode Frequency Mode Frequency
P (Hz) shape (Hz) shape (Hz) shape (Hz)
No
concentrated 34.93 65.6 77.22 102.52
mass
100g
concentrated 34.77 63.48 74.8 89.68
mass at point A
200g
concentrated 34.56 58.18 71.14 82.68
mass at point A
100g
concentrated 33.52 64.74 67.06 101.26
mass at point B
200g
concentrated 31.91 57.73 65.86 98.54
mass at point B

13
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100g
concentrated
mass at point C

28.74 65.08 76.34 100.1

200g
concentrated
mass at point C

24.77 64.72 75.64 90.3

a8
aa
&8 &
a7

Table 7. Mode shapes and natural frequencies of the model carrying concentrated mass under pinned support condition

Mode 1 Mode 2 Mode 3 Mode 4
Concentrated 5 Viod 5 Viod E 5
mass condition requency oae requency odae requency requency
Mode shape (Hz) shape (Hz) shape (Hz) Mode shape (Hz)

No

concentrated 20.13 47.77 56.53 80.53

mass

100g mass at A . 19.75 . 43.99 . 53.96 . 69.92

200g mass at A . 19.32 . 39.19 . 52.61 . 65.79

100g mass at B . 18.88 . 47.1 . 48.83 . 79.94

200g mass at B . 17.7 . 42.71 . 47.99 . 79.06

100g mass at C . 17.17 . 47.51 . 56.1 . 80.06

200g mass at C . 15.15 . 47.31 . 55.73 . 73.21
The mode shapes and natural frequencies of the masses were derived. These data were used to establish
composite panel without any added concentrated a baseline for subsequent comparative analysis. These

14
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mode shapes, along with their corresponding natural
frequencies, are inherent to the material properties of
the composite panel and its boundary conditions. To
evaluate the sensitivity of these modal parameters to
added concentrated masses at various locations with
different magnitudes on the composite panel, the
resultant frequency variations were calculated. The
frequency variations of the composite panel induced by
the applied concentrated masses are listed in Table 8
and Table 9 for fixed and pinned support conditions,
respectively.

Table 8. Frequency variations under fixed support condition
Concentrated

mass condition Mode1l Mode2 Mode3 Mode4
100g mass at A 0.16 2.12 2.42 12.84
200g mass at A 0.36 7.43 6.10 19.83
100g mass at B 1.40 4.86 10.16 2.26
200g mass at B 3.02 7.87 11.36 3.98
100g mass at C 6.18 0.52 0.87 2.42
200g mass at C 10.15 0.88 1.58 9.22

Table 9. Frequency variations under pinned support condition
Concentrated

mass condition Model Mode2 Mode3 Mode4
100g mass at A 0.38 3.78 2.57 10.61
200g mass at A 0.81 8.58 3.92 14.74
100g mass at B 1.25 0.67 7.7 0.59
200g mass at B 243 5.06 8.54 1.47
100g mass at C 2.96 0.26 0.43 0.47
200g mass at C 4.98 0.46 0.8 7.32

The mode shapes and frequency variations of the
composite plate were analyzed under both fixed and
pinned support conditions, revealing significant
impacts of concentrated masses on the panel's vibration
characteristics. Adding 100 and 200 grams of weight at
various points (X, Y, and Z) alters these mode shapes,
with noticeable decreases in natural frequencies.

For fixed support, concentrated masses at point X (near
the corner) introduce localized stiffness, slightly
reducing lower modes' frequencies and effectively
damping higher-frequency vibrations. By increasing
the weight of the concentrated mass at this point, the
effect on the mode shapes was more pronounced. The
additional mass further reduces the natural frequencies,
particularly for modes with deformation near the
corner. At this point, mode four frequency reduction
and mode shape variation were the most. At point Y,
added concentrated masses influence the global
stiffness and inertia of the plate. This causes a more
uniform shift in the mode shapes, affecting both lower
and higher modes. Higher frequency reductions are
observed for Mode three. Weights at point Z (center)
cause reductions in natural frequencies across all
modes. The central mass primarily affects the
fundamental mode, leading to a noticeable decrease in
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the natural frequency. Since the concentrated mass was
located at the center of the plate, mode one and mode
four experienced the most reduction in frequency. By
increasing the weight, mode shape variations were
more pronounced, particularly at mode four.

Pinned support conditions, allowing rotational
freedom, show a similar trend but with generally less
pronounced effects. Frequency variations confirm
these observations: added masses decrease natural
frequencies, with point X significantly affecting higher
modes, while points Y and Z influence both lower and
higher modes with more impact on lower modes.

The magnitude and location of concentrated masses
have a substantial impact on the composite plate's
natural frequencies and mode shapes. For instance, the
closer the mass is to the center, the greater the reduction
in the first mode's frequency, indicating a critical
sensitivity to central loading. Higher mass values
further decrease frequencies, emphasizing the
cumulative effect of mass and location on the plate's
vibration characteristics.

Adding weights at different points on the panel
demonstrates that localized mass can effectively alter
the vibration characteristics. Points closer to the corner
(X) show localized damping effects, reducing higher-
frequency vibrations more effectively. Weights added
near the center (Y and Z) influence the global stiffness
and inertia of the plate, leading to a more uniform
reduction in natural frequencies and effective damping
across all modes. For effective vibration control, the
distribution of added masses can be optimized based on
the desired damping effects. Central masses provide
more uniform damping, while localized masses can
target specific higher-frequency modes. Different
modes react differently to mass placement and support
conditions. For instance, Mode four is highly sensitive
to corner placements (Point X) under fixed support,
while lower modes are more affected by central
placements (Point Z). This allows for targeted vibration
control strategies based on mode sensitivity. The
support condition (fixed vs. pinned) alters the
frequency response characteristics. Fixed support
conditions generally show higher frequency values
compared to pinned, implying that the stiffness of the
support condition plays a crucial role in determining
the vibrational behavior.

4. Conclusion

This study provides a comprehensive investigation into
the effects of concentrated masses on the dynamic
response and vibration control of composite panels
under varying boundary conditions. The findings
underscore the critical role of sensor placement and
support conditions in ensuring the accuracy and
reliability of modal analysis data. Coherence function
analysis reveals that the decay in coherence is more
pronounced when sensors are positioned further from
the excitation point and closer to the supports, with this
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effect being particularly significant under fixed support
conditions. These observations highlight the necessity
of optimal sensor positioning to enhance measurement
precision in experimental modal analysis. Furthermore,
the introduction of concentrated masses leads to a
systematic decay in coherence functions, with higher
mass magnitudes exacerbating this effect, further
influencing the panel’s vibrational response.

A comparative assessment of experimental and
numerical modal analysis results identifies
discrepancies arising from the inherent simplifications
in numerical modeling. To address these
inconsistencies, the finite element (FE) model was
updated, incorporating more realistic parameters that
better align with experimental observations. The
updated FE model demonstrates strong agreement with
experimental results, validating its accuracy and
reliability. This enhancement not only improves
predictive capabilities but also minimizes the
dependency on extensive physical testing, offering a
cost-effective and efficient approach for evaluating the
vibrational characteristics of composite structures.

The study also highlights the significant influence of
concentrated mass location and magnitude on the
modal characteristics of the composite panel. Masses
positioned near the center induce substantial reductions
in natural frequencies, particularly affecting lower-
order modes, while those placed near the edges exhibit
a localized stiffening effect, altering higher-mode
vibrations. Additionally, fixed support conditions yield
higher natural frequency values compared to pinned
supports, reinforcing the crucial role of boundary
constraints in governing vibrational behavior.

These findings have important implications for
vibration control strategies in composite structures.
The ability to strategically manipulate mass
distribution provides an effective means of tuning
vibrational characteristics and optimizing damping
performance. The study offers valuable insights into
the interplay between mass placement, boundary
conditions, and modal behavior, contributing to the
development of advanced vibration control
methodologies for composite marine and offshore
structures.
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Renewable energies are a crucial component of sustainable development. Offshore wind
energy is an interesting clean energy alternative to fossil fuels. In floating offshore wind
turbines (FOWTs), a lower floating platform couples/integrates with the upper wind
turbine, and the motion of each component influences the other. Therefore,
understanding the dynamic behaviors of FOWT platforms is necessary for designing
them in real sea states. The present paper numerically investigates the heave and pitch

Ilfg}\wyéonrd& dynamic motions of the DeepCWind FOWT platform at three different offsets between
CFD the columns, all under regular waves. To this accomplishment, a 3D RANS-VOF model
Heave and pitch motions is implemented in the open-source CFD platform of OpenFOAM. The current
FPSO numerical simulations of heave and pitch motions of the sandglass-type platform with
OpenFOAM appropriate accordance are validated against the existing experimental data. The main

results show that increasing the offsets between the FOWT platform columns (wide
model) significantly reduces the heave and pitch motions. However, the effects of
decreasing the distance between the columns (i.e., a tight model) on heave and pitch
motions are insignificant compared to the original model.

capacity, it is essential to expand installations to deeper
water depths. Fixed offshore platforms possess depth
constraints.

1. Introduction

Emphasizing renewable energy is a crucial aspect of

sustainable development. Consequently, there exists an
unequivocal necessity to innovate technologies for the
production of renewable energy [1]. The advancement
of solar and onshore wind energy has demonstrated
considerable efficacy in electricity generation,
positioning these sources in competition with
conventional production methods such as coal, gas,
fuel, and nuclear energy [2]. Recently, despite
comprising merely 0.3% of global -electricity
generation, the growth of offshore wind energy has
emerged as a significant enhancement to the energy
mix. Offshore wind energy enables the deployment of
larger turbines compared to onshore turbines and
benefits from a more consistent and robust wind
resource, achieving a capacity factor of 40-50% [3].
The International Energy Agency (IEA) reports that
offshore wind energy has the potential to satisfy global
energy demand 11 times by 2040. To attain this
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Consequently, the resolution for utilizing the extensive
wind resources of the oceans at greater depths is to
transition from fixed platforms to floating structures.
The initiation and progression of extensive commercial
floating wind projects necessitates enhanced
knowledge of turbine power generation. A significant
technological challenge in floating offshore wind
turbines (FOWTs) is the dynamic behavior of the
platform, which induces additional rotor movement
and may influence the average power output over time,
thereby impacting electricity = generation [4].
Consequently, the design of a floating support platform
with enhanced dynamic motion may optimize the
aerodynamic efficiency of the FOWT. Currently,
prevalent support structures have been established,
categorized into four primary types: spar-buoy,
tension-leg platform (TLP), semi-submersible, and
barge. Each category of these structures employs one
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of three methods—weights, mooring lines, buoyancy,
or a combination thereof—to attain static stability. For
a more thorough assessment, one may consult [5]. The
semi-submersible platform represents a highly
advanced concept in this sector, predominantly utilized
in the oil and gas industry, and it appears to possess a
marginal advantage in the market for floating offshore
wind turbines. This technology predominantly obtains
its stability from buoyancy. These platforms possess a
considerable advantage due to their catenary anchor
lines being more economical than TLP, along with a
comparatively simpler installation process. The turbine
can be positioned adjacent to the dock, and the floating
structure may be towed to its site or returned to shore
for maintenance or decommissioning. The primary
constraint is its intricate geometry, which complicates
construction. This necessitates a considerable quantity
of structural mass [6]. The most sophisticated initiative
in this category is the WindFloat concept, developed by
Principle Power (PP) [7]. In 2011, Principle Power (PP)
successfully installed a prototype in Portugal, operated
it for four years, decommissioned it, and then
reinstalled it in Scotland in 2018. Globally, companies
are developing numerous commercial-scale wind farm
projects using Windfloat technology. Other companies
have introduced semi-submersible concepts at a stage
that precedes development. Figure 1 depicts several of
them. The research community extensively utilizes the
open-source semi-submersible design, DeepCWind, to
enhance comprehension of the physics of FOWT and
to communicate findings.

(c)

Figure 1. Semi-submersible concepts for floating offshore
wind turbines: (a) WindFloat (Principle Power) (b) Tri-
Floater (GustoMSC) (c) Naval Energies Technology
(d)Maine University Technology [8]

The hydrodynamic, aerodynamic, or aero-hydro-servo
analysis of FOWTs has been the subject of numerous
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experimental and numerical studies. Benitez and his
colleagues [9] studied the hydrodynamics of FOWTs
by running numerical simulations on the semi-
submersible platform DeepCwind in 2015 to find out
how different geometric parameters affected the
hydrodynamic coefficients. They specifically looked at
drag behavior, free surface effects, and the multi-
member configuration of the semi-submersible
structure. Zhao and Wan [10] studied the
hydrodynamic characteristics of the support platform
displacements during wind turbine shutdown
conditions utilizing OpenFOAM. The pitch and sway
motion of the floating platform is affected by the
aerodynamic loads from the turbine. In 2015, Dunbar
[11] proposed a six DoF solver coupled with
OpenFOAM for the excitation of semi-submersible
floating offshore wind turbine platforms. The
validation of the CFD simulation results for the
DeepCwind semi-submersible platform was performed
using experimental data across various sections,
encompassing heave and pitch motions. In 2016, Yan
and colleagues [12] proposed a computational
framework using the finite element method with
isogeometric analysis (IGA) to investigate fluid-
structure interaction and assess the hydrodynamic
forces on floating wind turbine platforms, with
computational results validated against experimental
data. In 2018, Wang and colleagues [13] conducted an
extensive review of the diverse variables associated
with offshore wind platforms in relation to specific
sample projects, focusing particularly on a novel
foundation for wind turbines. The researchers
examined the system under diverse combined and
extreme loads through numerical simulations and field
tests, resulting in an enhanced geometric design that
accounts for transportability. In 2020, Zhang and
associates [ 14] performed a comparative analysis of the
hydrodynamic performance of three platforms at
varying water depths, taking into account second-order
hydrodynamic forces. The pitch motion of the
DeepCwind4 semi-submersible wind turbine is more
responsive to second-order wave loads than the other
two wind turbines. In 2021, Johalas and colleagues [15]
investigated the performance of a 5 MW reference
wind turbine installed on the semi-submersible
platforms UMaine3OC and DeepCwind4OC under
wind-wave conditions. The researchers analyzed the
impact of the interaction between the movement of the
support platform and the wind turbine rotor on the
average power output, ultimately deriving a
straightforward analytical formula for predicting
average power in floating turbines at low wind speeds.
In 2022, Wang and colleagues [16] conducted a study
to validate the DeepCwind semi-submersible model
through computational fluid dynamics, which
underwent free decay motion analysis. The researchers
analyzed the hydrodynamic damping behavior and
characteristics of the platform in calm water and
validated their results with experimental data. In 2022,
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Serjinko and colleagues [17] published a review article
analyzing various proposed techniques for advanced
floating support structures designed for larger wind
energy systems, emphasizing system dynamics. The
findings indicated that the mass of the wind turbine, the
rated power, and the rotor thrust scale correlate with the
square of the rotor diameter. In 2022, Elkafas and
colleagues [18] performed a numerical study on the
hydrodynamic response of three distinct configurations
of the DeepCwind model by altering the number of
offset columns from three to five. Statistical findings
concerning regular and irregular waves indicate that the
wave response is inversely related to the quantity of
offset columns. The effect of increasing offset columns
on vertical displacements and elevation is minimal. In
2023, Eskilsson and associates [19] performed a
numerical study simulating the hydrodynamics of the
semi-submersible platform. The implementation of a
one-way coupling in the mooring-fluid system yields
marginally increased mooring forces, yet it does not
substantially influence the motion response of the
floating wind turbine. In 2024, Zhou and colleagues
[20] investigated the hydrodynamic performance of a
co-located farm comprising an array of OC4-
DeepCwind FOWT and floating photovoltaic systems
(FPVs). Case studies have been conducted to analyze
the impact of platform geometric parameters on the
hydrodynamic performance of wind and solar
platforms. The results offer insights for the optimal
design of floating photovoltaic systems and illustrate
the potential synergy between wind and solar energy on
floating platforms. In 2024, Zeng and colleagues [21]
explored the theoretical challenges and progressed
research developments associated with nonlinear
hydrodynamic issues pertaining to floating offshore
wind turbines (FOWT). They examined various
nonlinear phenomena associated with their mooring
systems, including low-frequency resonance, transient
impacts, hydro-elastic coupling, flow effects, and
shallow water effects, from both numerical and
physical viewpoints. Numerous researchers have
performed experimental investigations on FOWT [22,
23], including Chen and colleagues floating turbine
model tests on various platforms [24], which assessed
the distinctive relative performance of each of the three
systems, focusing on structural motions, tower
dynamics, and the system's heave response. In 2020,
Belloli et al. [25] conducted a wind tunnel analysis of
FOWT.

According to the literature review and the authors'
expertise, the primary challenge for engineering teams
designing these structures is the precise forecasting of
the offshore platform's performance under all expected
environmental conditions during its operational
lifespan. Dynamic stability is the primary criterion for
averting the capsizing or submersion of the offshore
platform. Consequently, the imperative for additional
research to ascertain an optimal solution that
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guarantees stability and efficiency at minimal expense
is crucial. However, in order to analyze all the
previously mentioned scenarios within a reasonable
timeframe, researchers have consistently prioritized the
creation of an engineering tool and a suitable study
method based on simplified assumptions. This study
examines the dynamic performance of the DeepCWind
semi-submersible platform in freely floating
conditions. This study aims to illustrate that the
proposed method is effective, allowing for the
utilization of numerical tools in place of laborious and
complex FOWT simulations. The open-source CFD
software OpenFOAM has been utilized for simulation
to attain this objective, and the findings have been
presented in a comparative format.

2. Governing Equations

The current study utilized the open-source software
OpenFOAM for computational fluid dynamics
simulation. The software, proficient in resolving
Reynolds-Averaged Navier-Stokes (RANS) equations,
executes dynamic motion simulations within the
InterDyMFoam solver. The governing equations are
delineated as follows.
In the field of rigid body motion, the transitional
movement of the floating body with mass m exposed
to the external force fi is as follows:
ndr_ (M
dt
where, v shows the velocity of the center of floating
mass. Also, the equation of angular motions of a
floating body around the center of mass has the
following form:

2

M@+a)xMa):n
dt

where, M is the tensor of moment of inertia, @ is the
rigid body angular velocity, and 7 is the excitation
force applied to the floating body. In order to dynamic
analysis of sandglass, preliminary, according to fluid
flow solution and pressure distribution on the
submerged surface of the sandglass, excitation forces
in Eq. (1 and 2) are derived. Then, body transitional and
angular movements are derived by using Eq. (1 and 2).
To this accomplishment, fluid flow is simulated by
RANS equations. The free surface is also modeled by
two-phase approach of fluid volume fraction and
artificial density [26]. The conservation of mass and
momentum equations in the two-phase fluid motion are
as follows:

VU=0 3)
Py plor-v, ) @

~Vp, -2 xVp+V-(u, VU )+(VU)-Vu,, + f,
here, U and U, are fluid velocity and grid cell
movement velocity, respectively. Moreover, Py is the
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dynamic pressure may be computed as Pa=P=pPEX
(i.e. the difference between total and hydrostatic
pressure). The acceleration of gravity is considered as

g=(00-981) " Effective dynamic viscosity is also

equal with “e =p+v) (i.e., where Vi and V are

eddy and kinematic viscosities, respectively), and o is
the surface tension as a source term. The approach of
fluid volume fraction is a method to estimate the free
surface by using:

oa

v [u-v e v v, (-aa]-0 (5)

here, the volume ratio (&) in the Eq.(5) is the
properties of the fluid inside each cell as follows:
a=0 air

(6)
a=0 water

O<a<l interface

The variable Ur in Eq.(5) is the fluid domain velocity
which applies the effects of velocity at the boundary of
water and air [27]. It is notable that, the surface tension

Jo in Eq (4) is equal /- =9V (ie. where k s the
curvature of the free surface and o = 0.07 kg/sq.s is the
surface tension of water, which can be derived using
the definition of volume ratio (& ). Therefore, the
density and dynamic viscosity of free surface is as
follows:

{p =ap, + (1 - a)pg

=au+(1-a)u,
It is notable that the shear stress transport (SST)
equation is also considered for the simulation of
turbulent flow [28].

(7

3. Physics of the Problem and Validation

As the main goal of this study is to analyze the dynamic
behavior of offshore floating platforms, it is essential
to assess the accuracy of the numerical solution method
in comparison to experimental laboratory data.
Consequently, prior to examining the calculations, a
validation of the dynamic movements of a sand-glass
type floating body (STFB) within floating production,
storage, and offloading (FPSO) structures has been
conducted. Figure 3 presents an illustration of the two-
dimensional perspective and geometric characteristics
of the STFB. This study presents the dynamic behavior
of the STFB floating platform model at a 1:70 scale to
evaluate the accuracy of the results obtained through
the finite volume method, in comparison with other
experimental [29] and numerical data. [30]. Table 1
presents the main physical parameters of the STFB.

" DT o !
Freeboard
L] Dw 4 R
&
g DB » (=X

Figure 2. 2D section of STFB
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Table 1. Main physical characteristics of considered STFBs

Parameter Exp. Model | Unit
Scale (1) 1 70 -
Diameter of upper deck (D) 78.864 1.126 m
Diameter of waterline plane (Dyy) 52.4 0.748 m
Radius of lower bottom (Dg) 90.012 1.286 m
Draft (d) 13.168 0.188 m
Freeboard (f) 20 0.286 m
Displacement (A) 55000 0.16 ton
Pitch inertia radius 17.550 0.251 m

A numerical wave tank (NWT) has been utilized in
OpenFOAM with the InterDyMFoam solver to
examine the dynamics of STFB in regular waves. The
numerical simulations applied the Reynolds-Averaged
Navier-Stokes  (RANS) equations using the
computational fluid dynamics (CFD) technique and
resolved them using the FVM. The initial dimensions
of the computational domain are L = 34 meters, B=10
meters, and H = 14 meters, under deep water
assumptions. The dimensions of the computational
domain, as per ITTC guidelines for numerical methods
and other dynamic analyses [31], are illustrated in
Figure 4 for floating platforms. Figure 3 also illustrates
the morphology of the mesh structure around the hull.
A structural mesh has been employed in all solution
domains, except in the regions surrounding the body,
where multiple layers of graded structural and non-
structural cells have been utilized.

The simulated periodic waves are classified as second-
order Stokes waves. Harmonic waves are produced at
the inlet boundary x = 10 by virtual alterations in
horizontal velocity (i.e., the position of the wave
generator), and the resultant regular wave propagates in
the negative X direction. On the opposing side, where
x = -24 meters, outlet conditions are applied. The center
of mass of the STFB is positioned at x = 2.83 meters,
utilizing the symmetry condition for the x = 0 plane.
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Figure 3. Considered numerical domain and the mesh
structure around the STFB.

To validate the uncertainty in the numerical solution,
three distinct mesh configurations, A, B, and C, have
been evaluated for result accuracy. The numerical
findings of this study regarding the heave of the STFB
at a frequency of 0.29 have been analyzed using three
distinct meshes. Table 2 presents the average values of
the heave motion response for each cases. The mesh
sensitivity analysis indicated that the total number of
cells generated in the solution domain was
approximately 1,181,169. This number has also been
partially derived from wave characteristics. Due to the
geometric characteristics of the model, the symmetry
condition was applied to half of the computational
domain. Then, the results are generalized for the entire
computational domain.

Figures 4 and 5 illustrate the responses for heave RAO
and pitch RAO of the STFB, simulated in this study
with the FVM, in conjunction with experimental data
[29], Boundary Element Method (BEM) results [32],
and Boundary Value Problem (BVP) outcomes derived
from WAMIT [29]. The current study's simulation
demonstrates superior accuracy in both the magnitude
and trend of the heave and pitch RAOs compared to the
boundary element method and boundary value problem
results.

Table 2. Details of mesh sensitivity analysis

Mean
Case Ax Ay Az Total Run | value of
[m] [m] [m] cells time Heave
RAO [-]
A 0.012 | 0.012 | 0.012 | 524633 10 h 1.411
B 0.010 | 0.010 | 0.010 | 1012850 | 16 h 1.462
C 0.008 | 0.008 | 0.008 | 1485162 | 22 h 1.470
18
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Figure 4. Heave RAO results of STFB
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Figure 5. Pitch RAO results of STFB

Tables 3 and 4 present the quantitative discrepancies
between the numerical results and the experimental
data for the heave and pitch RAOs for each of the wave
frequencies in this study. The assessment of the
average error rate indicates that the finite volume
method is an effective and dependable instrument for
analyzing the dynamics of a floating platform in regular
waves. The finite volume method has demonstrated a
commendable capacity to accurately estimate the
trends and recorded values of the floating platform's
movements, particularly at critical points.

Table 3. Details of heave RAO compared to the experiment

Heave RAO
Frequency Experimental Current
[rad’s] data [29] study Error [%]

0.2 1.29 1.26 2.33
0.22 1.44 1.39 2.99
0.24 1.44 1.42 1.93
0.29 1.51 1.46 3.27
0.32 1.44 1.40 2.84
0.34 1.32 1.25 4.88
0.36 0.71 0.68 391
0.38 0.08 0.09 16.54
0.40 0.14 0.12 14.86
0.50 0.21 0.20 4.11
0.60 0.14 0.19 31.15
0.80 0.11 0.11 3.96

Table 4. Details of pitch RAO compared to the experiment

Frequency = - il Pitéh RA(:

[rad/s] Xg:::rg'] a ;:;f; Error [%]
0.24 0.27 0.22 18.07
0.26 0.37 0.28 23.94
0.38 0.52 0.59 13.48
0.40 0.67 0.65 3.59
0.50 0.87 0.84 3.47
0.60 0.91 0.95 3.96
0.69 0.91 0.98 7.92
0.8 0.78 0.81 3.86
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Linearized methods are predicted to exhibit
considerable discrepancies when compared to
experimental results. Consequently, when the objective
of the research is to enhance the dynamic behavior of a
complex or optimized geometric shape, linearized
methods prove to be unreliable. Small deviations in the
results are significant concerning the limitations of
these methods.

4. Results and Discussion

This section models the DeepCWind concept for the
dynamic analysis of the support platform bases
subjected to regular waves. The OC4 and OCS projects
conducted testing campaigns for this design at a marine
model scale of 1/50. Figure 6 illustrates that the
DeepCWind semi-submersible platform comprises
three offset columns (consisting of base and upper
columns), a central column, and multiple sets of
pontoons and cross braces.

Reference [22] details the platform movements and
mooring system under wave-only or combined wave
and wind conditions. This section presents simulations
of the offset semi-submersible DeepCWind bases
under free-floating conditions (without mooring)
across various scenarios, based on the validation of the
solution method and the accuracy of dynamic results in
evaluating a floating platform. The primary physical
characteristics of the reference platform are detailed in
Table 5.

Cross braces

Figure 6. DeepCWind semi-submersible platform

Table 5. Characteristics of the main and the scaled models

Geometrical Characteristics Exp. Model
scale [-] 1 50
overall draft [m] 20 0.4
Main column (tower bottom) height 10 02
above SWL [m]

Offset column height above SWL [m] 12 0.24
Distance among the offset columns [m] 50 1

Top columns length 26 0.52
Base columns length [m] 6 0.12
SD\I)\S]?I][(I:TGI]HP top of base columns under 14 0.28
Main columns diameter [m] 6.5 0.13
upper columns diameter [m] 1.2 0.024

24

Base columns diameter [m] 24 0.48
Cross braces and pontoon diameter [m] 1.6 0.032
Structural Characteristics

Displacement [m?] 13986.8 | 0.112
g\ehrllief I?E mass (CM) location below 14.4 0288
Platform pitch inertia about CM [kg-m?] | 8.01x10° | 25.64
Platform pitch inertia about CM [kg-m?] | 8.01x10° | 25.64
Platfoqn Yaw in;:rtia about platform 13.9x10° | 4451
centerline [kg-m-]

This study excludes pontoons and cross braces. The
simplified geometric configuration of the DeepCWind
semi-submersible support platform has been employed
to assess its dynamic behavior. The assessment of the
two heave modes, reduced (wide) and increased (tight),
of the offset bases relative to the original condition in
free-floating wave scenarios has been performed. The
reference support platform is depicted in three distinct
configurations according to Figure 7. A refined state
has been implemented to decrease the distance between
the offset bases by 20%, while an expanded state has
been adopted to increase the distance between the
offset bases by 20% relative to the original state. The
adjusted distance between the offset bases concerning
the platform's center of buoyancy has been
implemented. Furthermore, in conjunction with the
three delineated models (refer to Figure 7), the dynamic
outcomes of one of the platform's foundations (mono-
offset column) are also exhibited. The semi-
submersible platform models depicted in Figure 7 are
incorporated in a comparative analysis to investigate
the flow between the offset bases and its effect on the
dynamic behavior of the supporting platform.

Tight model Original Wide model
1
=, o -; :I
R .« SN N
:. : Tight :lr'#_ \ :l s (1R) ': A I\.,"V /
E| g WG AW s
(¢ (@ (7

3D view
0
i

Figure 7. Diagram illustrating the specifications of three
semi-submersible platform models: tight, original, and wide
model determined by the distances between the offset bases

Figures 8 and 9 present the current study's free-floating
condition results against the laboratory results
constrained by the DeepCWind semi-submersible
platform's mooring system. A comparative analysis of
the heave and pitch motions of the platform across
varying wave periods has been conducted, with the
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horizontal and vertical axes denoting the wave impact
periods (spanning from a wavelength of 0.5 to 21
meters) and the response amplitude operator (RAO),
respectively. Figures 8 and 9 illustrate the impact of
mooring on the amplitude response of the supporting
platform's movements. The analysis of the motion
curve's slope and the fluctuations in the platform's
oscillations in a free-floating state, in comparison to the
experimental data of Coulling et al. [22], suggests that
the anchoring system is engineered to regulate pitch
stability and diminish the amplitude of the platform's
vertical oscillations. The maximum amplitude of the
platform's longitudinal pitch in a free-floating state was
observed at a wave period of 18 seconds; however,
upon the application of anchoring effects, the floating
platform demonstrated a more consistent pitching
motion. In the vertical displacement motion of the
support platform, the anchoring effects have resulted in
a gradual decrease in the rate of increase of the
platform's vertical oscillations, transitioning from
shorter wavelength waves to longer wavelength waves
(i.e., period interval 14 to 18 seconds).
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Figure 8. Comparison of heave RAO results of FOWT’s
platform in free-floating condition
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Figure 9. Comparison of pitch RAO results of FOWT’s
platform in free-floating condition

According to the observations in Figure 8, the primary
model under free-floating conditions resembles that
under anchored conditions for wave periods exceeding
the critical range for certain resonances to manifest.
The amplification of the platform's elevation

25

movements at a period of 20 seconds may be attributed
to the platform's increased submersion in water.

The dynamic outcomes of the wide and tight model
have been analyzed solely within the critical range.
Despite the negligible differences in results relative to
the original state, discerning the dynamic behavior
under various conditions yields valuable insights for
the conceptual design of floating wind turbines. The
picture in Figure 9 shows that the large semi-
submersible platform model has decreased the pitch
amplitude at most points within the critical range
compared to the original model. However, it has
increased the oscillations in heave motion for most
wave periods compared to the original model. On the
other hand, as shown in Figure 8, the small semi-
submersible platform has effectively reduced the
largest vertical displacement oscillations within the
critical range of larger waves. It is noteworthy that in
the pitch movement of the reduced-scale platform
model, before the maximum dynamic response (wave
period of 18 seconds), it displayed identical behavior to
the original model. However, after reaching the apex,
the scaled-down platform's curve continued to decline,
exhibiting increased fluctuations compared to the
original model.

5. Conclusions

Exploring renewable energy sources is crucial for
achieving sustainable development. Wind energy
serves as an appealing clean alternative to fossil fuels.
The offshore wind power sector is experiencing
significant growth. Offshore wind turbines offer
several benefits in comparison to onshore wind
platforms, including higher wind speeds, more
consistent airflow with reduced turbulence, and fewer
aesthetic concerns. Unlike traditional onshore or fixed
offshore wind turbines, a floating offshore wind turbine
(FOWT) requires a supporting platform. In a FOWT
system, the upper wind turbine is connected to a lower
floating platform, and the movements of each
component influence one another. The current study
highlights the importance of understanding the
dynamic behaviors of floating offshore wind turbine
(FOWT) platforms, specifically the DeepCWind
model, under varying column offsets. The open-source
CFD code of OpenFOAM models the three columns of
FOWT's platform with various column offsets and free-
floating mono-offset columns to achieve this
accomplishment. Numerical simulations are conducted
using a 3D RANS-VOF model and under regular wavy
conditions. Preliminary mesh sensitivity analysis is
conducted, and the numerical results of the sandglass-
type FOWT platform are validated with experimental
data. The main results indicate that increasing the
distance between the platform columns significantly
reduces heave and pitch motions, thereby enhancing
the platform's stability and efficiency in real sea
conditions.
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ARTICLE INFO ABSTRACT

Article History: In this study, the characteristics of vortex-induced vibration (VIV) of a rigid,
Received : 18 May 2025 smooth circular cylinder elastically mounted in the water flow are investigated.
Accepted : 14 Jan 2026 . . . . .
The cylinder has one degree of freedom and is constrained to oscillate only in
the vertical direction. The flow Reynolds number lies within the Transition of

Keywords: Shear Layer 3 (TrSL3) region of the subcritical flow regime. The governing
z(l){; tex-induced vibration equations, namely the continuity and Navier-Stokes equations, are solved using
Turbulence model computational fluid dynamics (CFD). The finite volume method is employed
Lift coefficient for discretizing the equations, implemented through the ANSYS Fluent
Drag coefficient software. The Pressure Based solver and the PISO algorithm are utilized to

couple the equations. The two-dimensional unsteady Reynolds-averaged
Navier-Stokes (URANS) equations are solved using the k-o SST turbulence
model. A simplified mathematical model describes the system dynamics and
fluid forces associated with the cylinder’s vortex-induced vibration.
Examination of the vortices shed in the wake region reveals a P+S vortex
shedding pattern. Additionally, the time history of the cylinder’s displacement
ratio exhibits a sinusoidal shape, whereas the recorded lift and drag coefficient
data are non-sinusoidal due to the P+S vortex shedding mode. Frequency
analysis of the cylinder’s response indicates that the oscillation frequency of the
cylinder matches the dominant frequency of the lift force. Furthermore, the
dominant frequency of the drag force is twice that of the lift one.

1. Introduction Consequently, the wake region takes the shape of a
In engineering research, investigating flow behavior vortex street. The periodic shedding of vortices induces
around bluff bodies and the fluid-structure interaction fluctuating pressure and hydrodynamic forces on the
(FSI) effects is of paramount importance. The body. The component of this force perpendicular to the
interaction between a bluff body and a fluid flow, flow direction has a frequency similar to the vortex
depending on the Reynolds number, can lead to various shedding frequency, while the frequency of the
flow regimes and consequently, flow separation in the component parallel to the flow is twice the vortex
wake region, resulting in the formation of vortices. At shedding frequency [1,2,3]. If the body is free to move,
low Reynolds numbers, flow separation does not occur these forces induce oscillatory motion, known as
but as the Reynolds number increases, the flow vortex-induced vibration (VIV) [1]. This phenomenon
separation gradually initiates, leading to flow has numerous applications in civil and marine
instability and the onset of a phenomenon known as structures. Of particular interest is its use in renewable
vortex shedding with a characteristic frequency. energy harvesting devices [4].
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In this regard, extensive research has been conducted
to advance the knowledge in this field and find the key
parameters that factor in. The strong dependence of
VIV on the Reynolds number has driven numerous
research studies to focus on this aspect [5,6,7]. Studies
carried out in recent decades have employed a variety
of methods including experimental investigations [5,8]
as well as numerical simulations [1,9].

While numerous studies have investigated vortex-
induced vibration (VIV) of circular cylinders,
predominantly at lower Reynolds numbers or through
experimental methods [1,5,8], this research
distinguishes itself by employing a two-dimensional
computational fluid dynamics (CFD) approach with the
k-o SST turbulence model to examine the
characteristics of vortex-induced vibration of a single-
degree-of-freedom circular cylinder in the TrSL3
region of the subcritical flow regime, as classified by
Zdravkovich [10]. This investigation provides novel
insights into the P+S vortex shedding mode,
characterized by alternating pair and single vortices,
which results in non-sinusoidal lift and drag
coefficients, a less commonly reported feature in prior
numerical analyses. These findings enhance the
understanding of fluid-structure interactions in the
TrSL3 regime and underscore the efficacy of two-
dimensional URANS simulations in capturing complex
VIV phenomena at higher Reynolds numbers.
Furthermore, recent reviews [11,12] underscore the
need to explore such vortex shedding patterns at higher
Reynolds numbers, making this work a distinct
contribution to  understanding  fluid-structure
interaction in this challenging flow regime.

2. Materials and Methods

2.1. Physical Model

Figure 1 illustrates the schematic of the physical model.
This model comprises a rigid, smooth circular cylinder
with a diameter D and mass m, elastically mounted in
the fluid flow using two linear springs with a stiffness
coefficient K. The damping coefficient ¢ represents
structural damping, arising from internal friction and
applied to the model. The cylinder is mounted
horizontally in a cross-flow and constrained to oscillate
only in the y-direction.
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Figure 1. Schematic of the physical model: An elastically
mounted circular cylinder with linear spring and damper
exposed to a cross-flow.

The water flow is uniform, steady, and directed in the
x-direction. Table 1 presents the parameters of the
physical model and fluid properties. The system mass
includes the effective mass of the spring and the mass
of the oscillating cylinder. The Reynolds number of the
flow, calculated based on the cylinder diameter D, is
1.25 x 10° which indicates a subcritical flow regime. A
characteristic of this regime is a fully turbulent
boundary layer and a turbulent wake region.

Table 1. Physical model and the media parameters

Parameter Symbol  Unit Value
Cylinder diameter D m 0.125
Cylinder length L m 0.9144
Total oscillating mass Mosc kg 12.7
Total system elasticity

(stiffness) K N/m 1025
System damping Csystem Ns/m  18.5
System natural frequency in frter Hz 1.04
water

Fluid dynamic viscosity u Ns/m?> 0.001003
Fluid density p kg/m?  998.2
Nondimensional mass, mass m* ) 112

ratio

2.2  Governing Fluid and
Turbulence Model

The governing fluid flow equations are the continuity
and Navier-Stokes equations. These equations were
solved using computational fluid dynamics (CFD). The
finite volume method was employed to discretize the
equations, implemented through the ANSYS Fluent
software. The Pressure Based solver and the PISO
algorithm were utilized to couple the equations. The k-
® SST turbulence model was employed to solve the
unsteady Reynolds-averaged Navier-Stokes (URANS)
equations.

Flow Equations

2.3 Mathematical Model

A simplified mathematical model describes the system
dynamics and fluid forces associated with the vortex-
induced vibration of the cylinder. The motion of the
cylinder in the y-direction, perpendicular to both the
flow direction and the cylinder’s axis, is modeled by a
second-order linear equation, as described in Eq. (1).
m oscj}+c xystemy—kK springy :F fluid ,y (1)
where y represents the cylinder displacement, mosc is
the mass of the oscillating system which includes one
third of the spring mass, Kspring 1 the spring stiffness,
Csystem 18 the system damping coefficient, and Fiuiay is
the force exerted by the fluid on the body in the y-
direction. Due to the periodic nature of vortex
shedding, the pressure on the cylinder surface also
undergoes periodic fluctuations. Consequently, there
are periodic variations in the forces applied to the
cylinder surface. The force resulting from the pressure
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distribution can be divided into two components: one
perpendicular to the flow (the lift force, F1) and the
other parallel to the flow (the drag force, Fp). The lift
force emerges when vortex shedding initiates and
oscillates at the same frequency as the vortex shedding.
Concurrently, the drag force also oscillates similarly to
the lift force. It should be noted that the drag force, in
addition to its fluctuating component, also has a
constant component that arises from friction and
pressure difference.

3. Results

Figure 2 shows the vortices formed in the wake region,
which appear as a single vortex on one side of the
vortex street and a pair of vortices on the other side.
After the cylinder's transient response, the vortex
shedding pattern is such that in one half-period of the
cylinder's oscillation, a single vortex forms and sheds,
while in the next half-period, two vortices shed into the
wake.

The displacement ratio time history (Figure 3, up)
demonstrates that the cylinder undergoes oscillatory
motion perpendicular to the flow due to periodic forces
induced by vortex shedding. The maximum amplitude
of cylinder oscillation obtained in this study is 0.086 m,
and the maximum non-dimensional oscillation
amplitude (ratio of oscillation amplitude to cylinder
diameter) is 0.69. These values were determined after
the stabilization of cylinder oscillation and following
the transient response. According to the calculations,
the root mean square value of the nondimensional
displacement (y*rms) is 0.46. Furthermore, this
oscillatory motion has a frequency of 1.1 Hz. Figure 3
(down) depicts the FFT analysis of displacement ratio.
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Figure 3. (Up) Time history and (down) frequency spectrum of
the cylinder displacement ratio

As mentioned, periodic vortex shedding generates an
oscillating lift force, inducing the transverse oscillatory
motion of the cylinder. Figure 4 (up) shows time
records of the lift coefficient. The maximum value of
the lift coefficient after the stabilization of cylinder
oscillation i1s 0.93, and the minimum value is -0.56.
Moreover, its time-average value is 0.06. Based on the
calculations, the R.M.S. value of the lift coefficient (Ci,
rMs.) 18 0.44. The FFT analysis indicates that the
predominant frequency of the oscillating lift coefficient
is 1.1 Hz, with additional frequency components at
2.25 Hz and 3.35 Hz (Figure 4, down).

The maximum value of the drag coefficient after the
stabilization of cylinder oscillation is 2.89, and its time-
average value is 2.09. Furthermore, the dominant
frequency of the drag force, according to the FFT
analysis, is 2.25 Hz. The time history of the drag
coefficient and its components frequencies are shown
in Figure 5.
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Figure 4. (up) Time records of the lift coefficient and (down) its
frequency spectrum
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Figure 5. (up) Time records of the drag coefficient and (down)
its frequency spectrum

4. Discussion

The Reynolds number of 1.25 x 10° corresponds to a
subcritical flow regime. In this regime, the boundary
layer transitions from laminar to turbulent, and the
wake region is also turbulent. The shedding vortices in
the subcritical regime, exhibit a high degree of
organization, as evident in Figure 2. Due to the
oscillatory motion of the cylinder in the fluid, different
wake structures can be created downstream of the flow.
These structures are influenced by various factors such
as the Reynolds number, cylinder surface roughness,
cylinder end conditions, length-to-diameter ratio of the
cylinder, and structural characteristics. As observed in
Figure 2, in each oscillation period of the cylinder, a
pair of vortices is shed on one side of the K&drman Street
and a single vortex on the other side, corresponding to
the P+S mode.

After the transient response of the cylinder, the
displacement ratio time history exhibits a sinusoidal
shape, bounded by a value of 0.7. A compilation of data
of the displacement ratio from other researchers is
presented in Table 2. To interpret the discrepancies in
the cylinder response, understanding the characteristics
of the flow regime and the near-wake region is crucial.
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Table 2. Vortex induced vibration displacement ratio data
Reynolds

Investigators m*{ A/D
number

Sahu et al. [13] 50000 N.A 0.51
Abbaspour et al. [9] 80000 N.A 0.62
Vikestad et al. [14] 14000-65000 0.012 1.13
Present 125000 0.066  0.69
experiments
Raghavan [15] 8000-150000 0.251 1.97
Ding et al. [16] 70000-250000 N.A 2.0
Sahu et al. [13] 150000 N.A 0.75
Sahu et al. [13] 300000 N.A 0.39

Figure 6 illustrates the phase difference between the
displacement ratio of the cylinder and the lift
coefficient. The presence of a phase difference between
the cylinder displacement and the lift force indicates a
time delay in the structural response to the applied
forces. The lift coefficient time history (Figure 4, up)
does not exhibit a sinusoidal pattern and displays two
peaks in each half-period of cylinder oscillation. The
values of these two peaks differ significantly, with the
smaller peak being less than 0.1. Consequently, the lift
coefficient remains near zero for an extended duration.
The non-sinusoidal nature of the lift coefficient arises
from the vortex shedding pattern in the wake. The
vortex shedding, in accordance with a specific pattern
and interactions between shed vortices, generates
multiple oscillatory components within the lift force,
each characterized by distinct frequency, phase, and
amplitude. Figure 4 (down) illustrates the power
spectral density of the lift coefficient. The frequencies
of components with lower power are approximately 2
and 3 times the dominant frequency. The dominant
frequency of the lift coefficient is 1.1 Hz, which
coincides with the frequency of the cylinder oscillation.
The non-zero time-averaged lift coefficient, resulting
from the difference between its maximum and
minimum magnitudes, indicates an asymmetry in the
time-series data of the lift coefficient. This asymmetry
in the positive and negative amplitudes of cylinder
motion stems from the wake structure and the presence
of the P+S mode in vortex shedding. In other words,
the alternation in the number of vortices shed in
successive half-periods of cylinder oscillation results in
unequal pressure forces being applied to the cylinder in
the positive and negative amplitudes of oscillation. The
positive values of the lift coefficient are bounded by a
value of 1, and the negative values by -0.6.

Table 3 compares the C; with results reported by other
researchers in the subcritical flow regime. In this
regime, the boundary layer transitions from laminar to
turbulent. This transition influences the vortex
shedding  frequency, vortex  strength, and,
consequently, the lift forces. It can be observed that the
lift coefficient increases with increasing Reynolds
number. Figure 7, presented by Norberg [17], also
illustrates Ci, r.m.s versus Re. The results of the present
study align with this figure.
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Table 3. Vortex induced vibration Maximum and R.M.S. lift
coefficient data

Investigators Reynolds Cimax  CirMs.
number

Khalak and Williamson [18] 1700 - 0.03
Khalak and Williamson [18] 9750 - 0.25
Khalak and Williamson [18] 12500 - 0.29
Abbaspour et al. [9] 80000 0.80 -

Present experiments 125000 0.93 0.44
Sahu et al. [13] 150000 - 1.25

The rapid increase in the drag coefficient at the
beginning of the its time history diagram (Figure 5, up)
is attributed to the development of the initial flow and
the formation of the boundary layer. After the transition
from initial conditions, leading to the development of a
stable wake behind the cylinder, periodic fluctuations

in the drag coefficient occur, which is a characteristic
of VIV and a consequence of the periodic shedding of
vortices from the cylinder surface.

The drag force, like the lift one, is composed of several
oscillatory components with different frequencies,
caused by vortex shedding from the cylinder surface.
As a result, the drag coefficient exhibits a non-
sinusoidal oscillation, as shown in Figure 5 (up). The
periodic part of the drag coefficient time history is
bounded by the values of 1.5 and 2.9. Frequency
analysis of the drag coefficient (Figure 5, down)
reveals that the dominant frequency is 2.25 Hz, with
contributions from other significant components at 1.1
and 3.35 Hz.
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The drag coefficient oscillates at roughly double the
frequency of the lift coefficient. This is because the lift
force requires a full cycle of vortex shedding from both
sides of the cylinder to complete its oscillation. In
contrast, the drag force undergoes a full oscillation
cycle with vortex shedding from each side of the
cylinder [19]. Table 4 presents the mean drag
coefficient (Cq) values at the end of the subcritical
regime. With increasing Reynolds number and
approaching the critical regime, the drag coefficient
decreases. This is due to the elongation of the vortex
formation region [10]. The high value of the drag
coefficient results in increased energy dissipation
within the fluid-structure system, influencing the
amplitude of cylinder oscillation. Consequently, the
displacement ratio of the cylinder (Table 2) in the
present study is lower than that reported by Sahu et al.
[13].

Table 4. Vortex induced vibration mean drag coefficient data

Investigators Reynolds number Cy
Present study 125000 2.09
Sahu et al. [13] 150000 0.95

5. Conclusions

Simulation of the single degree of freedom vortex-
induced vibration (VIV) of a rigid circular cylinder
elastically mounted was implemented by solving
unsteady Reynolds-averaged Navier-Stokes equations
using the k-@ SST turbulence model in the Transition of
Shear Layer 3 (TrSL3) region of the subcritical flow
regime. The following results were obtained and
discussed. First of all, the vortices shed in the wake
were well-organized. The vortex shedding pattern was
shown in one period of cylinder oscillation. In this
regard, P+S vortex pattern mode was observed.
Second, the cylinder exhibited a sinusoidal oscillatory
motion perpendicular to the flow direction, driven by
the periodic forces induced by vortex shedding.
Oscillatory motion occurs at the same frequency as the
dominant frequency of lift force fluctuations, but with
a time lag caused by structural delays in responding to
the applied force. In the presence of the P+S vortex
shedding mode, the time histories of the lift and drag
forces exhibited non-sinusoidal behavior. Instead, they
were composed of the superposition of multiple
oscillatory components with varying frequencies and
amplitudes. FFT analysis of the lift and drag
coefficients revealed the dominant frequency as well as
other frequencies. According to this analysis, the
dominant frequency of the drag coefficient was twice
that of the lift coefficient. And finally, compared to
previous studies, it was observed that a larger drag
coefficient was associated with a smaller amplitude of
oscillation. This is attributed to the fact that higher drag
coefficients result in greater energy dissipation from
the system, which in turn affects the displacement of
the cylinder.
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ABSTRACT

With the increase in construction in the sea, protective structures are considered
to prevent their instability in the marine environment. Among the coastal
protective structures, submerged plates are used in marine structural
engineering to prevent scour. Therefore, it is very important to study and
understand the erosion and sedimentation process in the area of the offshore
platform base lines in terms of design, protection and maintenance. In this
research, using the computational fluid dynamics method and Fluent software,
the flow around the submerged offshore platform base was simulated with
different Reynolds number states. The results of the iso velocity lines, m/s, show
that the speed decreases behind the offshore platform base. The maximum speed
is below the offshore platform base line, which will cause scour. By increasing
the Reynolds number from 3000 to 7000, the maximum speed in this state
increases. The results of the iso pressure lines in Pascals show that the pressure
behind the base presses and decreases above and below it. The maximum
negative pressure is below the base line of the offshore platform, which will
cause scouring. As the Reynolds number increases from 3000 to 7000, the
negative pressure in this case increases from -0.07 to -0.3 in Pascal, which will
cause scouring. The maximum pressure is below the base line of the offshore
platform, which is significantly higher than the case without the use of plates,
which reduces the risk of scouring around the base.

Much research has been done on the investigation of
scour around offshore platform baselines, but the main
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difference of this research from previous similar cases
is the consideration of subsurface slabs under the
offshore platform base. Installing impermeable slabs
causes the underground flow lines formed under the
bed, located under the offshore platform baselines, to
be lengthened, as a result of which the pressure gradient
across the offshore platform base is reduced. Reducing
the pressure gradient is one of the main and most
fundamental factors in the formation and development
of scour under the offshore platform baselines and the
formation of the sluice phenomenon in the bed under
the offshore platform baselines. This phenomenon is
considered as one of the results of the pressure gradient
prevailing over the submerged weight of bed sediment
particles.

With the increase in construction in the sea, the use of
protective structures to prevent their instability in the
marine environment is of interest. Among the coastal
protection structures, submerged slabs are used to
prevent scour, which are used in marine structural
engineering.

There is a hydraulic perspective that studies the
distribution of hydrodynamic components around the
offshore platform baseline. In fact, this perspective
discusses and studies the formation and expansion of
eddy currents around the offshore platform baseline
through numerical simulations and attempts to
accurately estimate the effect of this phenomenon on
the amount of hydrodynamic components and the
intensity of the effect of eddy formation. Sumer and
Fredsoe (1997) studied various environmental
conditions (waves and currents) and their effects on the
forces acting on the offshore platform baseline. In their
research, these researchers often compared their results
with the laboratory work of other researchers and
confirmed their research based on that. According to
the research of these researchers, waves and currents
have two completely separate effects on the
environment around the offshore platform baseline, the
intensity of which can be expressed by the
dimensionless Reynolds numbers for the flow and the
Cloghan-Carpenter number for the wave. These two
dimensionless numbers represent the behavioral
properties of the flow and wave, respectively. They
also showed that the forces acting on the offshore
platform baseline are caused by the effects of
environmental conditions in a completely dynamic
manner, and the studies conducted by Morrison only
calculated the average force acting on the offshore
platform baseline. They also introduced the use of the
Strouhal number as a suitable method for obtaining the
frequency of eddy currents. On the other hand, Cheng
and Chew in 2002, using the numerical solution of the
fundamental laws of fluids, came up with various
hydrodynamic components in the area around the
offshore platform baseline. They simulated the
conditions of the flow effect in the environment around
the offshore platform baseline by formulating and
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precisely defining the boundary conditions and using
the k-4 turbulence model. Cheng and Chew
investigated the self-burial effect for unburied offshore
platform baselines by adding a rectangular appendage
to the offshore platform baseline and comparing the
results of the pressure distribution under the new
conditions and before adding the appendage. The
research of these authors showed that using a numerical
model by considering an appropriate turbulence model
can easily obtain the amount of various hydrodynamic
components around the offshore platform baseline.
Liang also stated in his research, which he conducted
in collaboration with Cheng in 2004, that the vertical
simulation of the flow around the offshore platform
baseline using the basic laws of fluids and using one of
the types of turbulence modeling methods, is very
effective in reducing the cost of studies by various
researchers. They confirmed the accuracy of their
simulation by comparing their results with the
laboratory work done by Jessen (1986). It should be
noted that according to Jessen's studies, changing the
scale of the problem from the real situation and only
considering the ratio of water depth to the diameter of
the offshore platform baseline and maintaining the
Reynolds number is quite practical and acceptable. In
the following, it is necessary to introduce some of the
concepts and tools of this division based on which these
researchers studied eddy currents.

Reynolds number

This number is used to determine the range of motion
of eddies (choi 2000).

Re=UD/v €))]
where v: kinematic viscosity of the fluid, U: flow
velocity perpendicular to the offshore platform baseline
and D: outer diameter of the offshore platform baseline.
Based on the Reynolds number and the observations
that researchers made by studying the formation
mechanism around the offshore platform baseline, the
intensity and formation of vortices can be classified
based on the Reynolds number. Among the most
important research in this perspective, we can also
mention the studies conducted by Sumer Fredose in
1997. These researchers, by dividing the type of fluid
space around the offshore platform baseline into two
types: permanent and non-permanent

for two different general cases of the presence of the
flow effect and the presence of the wave effect, tried to
investigate the formation and expansion of vortical
flows around the offshore platform baseline resulting
from this phenomenon.
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Figure (1): Intensity and formation of vortices based
on the Reynolds number (Fredsoe and Sumer in 1997)
shows these different classifications based on the
Reynolds number.

As can be seen in Figure (1), for low Reynolds
numbers, no separation will be observed behind the
offshore platform baseline. In fact, for Zeinolds
numbers greater than 5 to 40, a pair of vortices with a
fixed shape will be created behind the offshore
platform baseline, and the length of the turbulent effect
will increase with increasing Reynolds number
(Batchelor in 1967). When the Reynolds number of the
flow is greater than 40, the shadow of the vortices
behind the offshore platform baseline becomes
unstable and the turbulence behind the offshore
platform baseline is defined by a phenomenon called
eddy currents, as a result of which the shadow of the
flow appears with eddy lines. When the Reynolds
number is in the range (40>Re>200), the eddy lines will
appear as layered flows behind the offshore platform
baseline. In these cases, the shadow of the eddies is
defined as two-dimensional.

With further increase in the Reynolds number, the type
of flow behind the offshore platform base changes from
a transition flow to a turbulent flow. According to
Bloor (1964), when the Reynolds number of the flow is
in the range between (200>Re>300) in the area behind
the offshore platform base line, the turbulent flow
behind the offshore platform base moves towards the
offshore platform base line and when the Reynolds
number of the flow reaches 400, a turbulent eddy is
formed. Observations have shown that a two-
dimensional eddy formed in the Reynolds number
range (200>Re>40) changes from a two-dimensional
state to a three-dimensional state.

The flow with Reynolds number around the offshore
platform base line remains completely stratified, and
for the flow condition with Reynolds number
(3x10"5>Re>40), the flow in the area behind the
offshore platform base line is known as the subcritical
state. When the flow Reynolds number exceeds this
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value, the boundary layer state will change from a
transitional to a turbulent state. This transition occurs
first at the separation point and then moves upstream.
For limited flow conditions, when the Reynolds
number is in the range (3.5%x1075>Re>3x10"5), the
boundary layer at the separation point appears
completely turbulent. However, these two states occur
only on one side of the offshore platform base and on
the other side (the upstream side) it will remain a calm
layer. This state is known as the critical flow regime
and causes the lift force to be opposite to zero.

When the Reynolds number of the flow reaches
1.5x10"6, the boundary layer on one side of the
offshore platform baseline becomes completely
turbulent, while on the other side of the offshore
platform baseline the flow becomes semi-turbulent.
This type of flow regime is known as the upper-
transition region, and finally, when the Reynolds
number exceeds 4.5%10"6, the boundary layer located
on the offshore platform baseline will become
completely turbulent at all points.

Mechanism of Vortex Movement

As mentioned, for Reynolds values higher than 40, the
boundary layer located on the offshore platform
baseline will be separated from the offshore platform
baseline due to the unfavorable pressure gradient
behind the offshore platform baseline by the formation
of a pair of stationary vortices. In this case, a
phenomenon as shown in Figure (2) will be formed
behind the offshore platform baseline. As can be seen
in Figure (2), the boundary layer formed around the
offshore platform baseline has characteristic values of
local vorticity.
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Figure (2): Location of the separation point in front of
the offshore platform baseline and the development of
the shear layer behind the offshore platform baseline.

These vortices are formed within the boundary layer,
develop, and cause rotation of a vorticity with a specific
shape above and below the offshore platform baseline.
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Figure (3): How vortical flows develop behind the
offshore platform baseline
(Gerrard in 1966)

In fact, the motion of vortices is unstable for flow
Reynolds numbers greater than 40, and the direction
and manner of motion of vortices can be justified based
on the opinion of Gerrard in 1966. Based on Figure (3),
he assumed that vortex A starts earlier than vortex B
and the direction of vortex formation is opposite to each
other. If vortex A is expanding clockwise and vortex B
is expanding counterclockwise, vortex B will cause
vortex A to break away from the boundary layer and
vortex A will separate and move downstream as a free
vortex. This expansion will then produce vortex C and
similarly, in the opposite direction, will cause vortex B
to separate from its source of generation. This process
will be repeated periodically over time behind the
offshore platform baseline.

In fact, the motion of vortices is unstable for flow
Reynolds numbers greater than 40, and the direction
and manner of motion of vortices can be justified based
on the opinion of Gerrard in 1966. Based on Figure (3),
he assumed that vortex A starts earlier than vortex B
and the direction of vortex formation is opposite to each
other. If vortex A is expanding clockwise and vortex B
is expanding counterclockwise, vortex B will cause
vortex A to break away from the boundary layer and
vortex A will separate and move downstream as a free
vortex. This expansion will then produce vortex C and
similarly, in the opposite direction, will cause vortex B
to separate from its source of generation. This process
will be repeated periodically over time behind the
offshore platform baseline. The motion of water
particles in a wave is a continuous unsteady flow.
When this unsteady flow collides with a rigid body of
a submerged structure, a force is exerted on the body
due to the flow velocity and the flow acceleration.

The flow velocity creates a drag force Fd that acts on
the body of the submerged structure and is due to the
frictional shear stress and the total pressure, which is
usually calculated by the following formula:

Fq = <4 pAu? 2
A is the distance of the cross section perpendicular to

the flow surface. In equation (2) u is the flow velocity
reaching the body, p is the density of the liquid, cd is
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the drag coefficient that depends on the cross section
shape, flow direction, surface roughness and the
Reynolds number of the flow.

For a cylinder, the Reynolds number is R=UD/v, where
D is the diameter of the cylinder and v is the kinematic
viscosity of the flow.

When a flow is accelerated over a surface, the flow
velocity and hence the Reynolds number and, in some
cases, the continuous elastic coefficient change.
Therefore, since u and Cd are both variable in an
accelerated flow, the elastic force of equation (2) can
change considerably.

The acceleration of the flow produces an additional
force on the body, in addition to that given in equation
(2). This acceleration or inertial force has two
components. The first component is due to the
acceleration of the flow due to the pressure difference
in the accelerating flow field. This pressure difference
creates a variable pressure on the surface of the body of
the body, which creates a net force on the body. Also,
when an accelerated flow passes over a body, an
additional mass of fluid is created due to the presence
of the body in motion. When the flow passing over a
stationary surface is accelerated, there will be an
additional mass that creates a force on the body. This
second component is related to the inertial force, a
function of the density and acceleration of the fluid, as
well as the shape of the object and its volume.
Therefore, when there is an unsteady flow, the total
instantaneous hydrodynamic force F on the object can
be written as:

F=pau? + [, P.dA+KpV < 3)
The second term on the right, where Px is the pressure
exerted on the body of the object in the direction of the
flow and dA is the change in the area of the place where
the pressure is exerted, is the inertial force due to the
acceleration of the pressure difference of the flow field.
The third term on the right is the added mass (Khosro
Bargi).

In the present study, first the effect of offshore platform
baselines with their different diameters on the scouring
process is investigated; then by installing an
impermeable subgrade sheet in front of the offshore
platform baselines, the effect of this sheet on the
scouring phenomenon is studied.

In this study, the flow simulation after the construction
of the submerged sheet was investigated using the
computational fluid dynamics method and Fluent
software.

2. Methods

A critical review of available turbulence models
with the aim of evaluating their suitability for use
in hydraulic problems is valuable and needed. This
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was done by Professor Wolfgang Reddy with years
of experience in the development and application
of these models. In the book ((turbulence models
and their application in hydraulics)), he introduced
the topic of turbulence modeling in a simple way
that can be understood by any reader with basic
knowledge in the field of fluid mechanics and
summarized the latest published articles in this
field. is In the first chapter, the role of turbulence
models is explained (Salehi Nishabouri and Nasiri
Saleh, 2017).
Basic conservation laws are expressed by exact
equations  (Navier-Stokes equations). They
describe all the details of fluid movement. Since
there is little hope to solve these equations and also
due to the lack of interest of engineers in the details
of oscillatory motion, a statistical approximation
(which was first proposed by Asburn Reynolds)
was used and these equations, on the time scale -
which in The comparison with the time scale of
turbulent motion is large - they were averaged.
Unfortunately, the averaging operation creates a
new problem that the equations cannot form a
closed system, because they contain unknown
sentences that describe the transfer of the amount
of motion, heat, and average mass by means of
turbulent motion. This system of equations can be
closed only by using experimental input, therefore,
calculation methods based on averaged flow
equations are semi-empirical.
The so-called field methods - which use the
original partial differential equations - require the
specifications of the turbulent transfer terms that
appear in the equations at every point of the flow.
This specification is defined by using the equations
(algebraic or differential) that determine the
turbulent transfer terms in the average flow
equations, and the system of equations is closed
using those equations. The basis of chaos models
are hypotheses about chaotic processes that require
experimental input in the form of constants or
functions. They do not simulate the details of the
turbulent motion, but simply "simulate the effect of
turbulence on the behavior of the average flow"
(Salehi Nishabouri and Nasiri Saleh, 2017).
In this study, flow is unsteady with two-dimensional
turbulence form. Velocity and pressure are a function
of time and space. To model of the velocity and
pressure fluctuations is the integrated from the Navier
Stokes equation at time. Integration of Navier Stokes
equations at time is known Reynolds equations
(Reynolds, 1984). Turbulence model equations are two
equation models k-¢ (Standard) that have be averaged
in depth (Rastogi and Reddy, 1978). ¢ equation is as
one of the main sources of the limitations of accuracy
of the standard version of the k-¢ model and the
Reynolds stress model. It is interesting that k-¢ model
includes a correction term that is dependent to strain
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with cl3 constant in the ¢ equation of RNG model
(Yakhot et al, 1992). WillCox provided turbulence
equations of k-w (standard) model (WillCox, 1988).
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Turbulence model equation

Known two-equation model of k-¢ (Standard) are
presented for averaged form in depth as follows:
(Rastogi and Reddy, 1978).
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P, and P,, are production terms as result of non-

uniform distribution velocity in depth that is stronger
near-bed. P, is production term of turbulent kinetic
energy averaged in depth as result of velocity
gradients in the plan. v, is the vortex viscosity.
Turbulence model is used for calculation of lateral flow
into one channel and is achieved much better results in
comparison with v, for fixed parameters of rotational

flow (MCGurik and Rodi, 1978). ¢ is the bed friction

coefficient.
relationship between turbulence viscosity and
turbulent diffusion coefficient according to the
following equation:
Vi

o, is Schmidt number that shows

Eq =

(12)

o
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Amount of o, is considered 0.5 (Keller and Rodi,
1988). Although values of o, are 0.5 to 2 in variable
references (Gibson and launder, 1978). ex is

coefficient that gives turbulence diffusion coefficient
in depth by following equation (Keller and Rodi,
1988).

Eq = e*]’luf (1 3)
Direct measurement of color broadcasting in the fixed-
width channels offers 0.15 for e« . Although Keller and
Rodi achieved better solutions for the velocity and
stress within the composite channels (Keller and Rodi,
1988). On the other hand Biglari and Sturm have been
assumed ex equaled to 0.3 to get the better answer

within the composite channels (Biglari and Sturm,
1

4 €x0

1998). MCGurik and Rodi have considered
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equaled to 3.6 (MCGurik and Rodi, 1978). In € equation of RNG model includes a correction term c,, thatis constant
strain-dependent (Yakhot et al, 1992). For k-¢ (RNG), we have:

2
a;’f agxfg %[(v + %)h%] +hey, R+ hBy ~hes, - (14)
* ni="
¢, =0.0845,c] =¢,, —ﬁ,cls =1.68,0; =139, =0.012,¢;, =1.42,
n=QE, £ g,no =4.377
(15)

Only constant f is adjustable, high levels of turbulent data are obtained near-wall. All other constants are calculated

explicitly as part of the RNG process.
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3. Result and discussions

The values of the physical properties of water are
considered as a default respectively, for density,
viscosity, heat capacity and thermal conductivity.
Solutions of all governing equations are subject to
assignment of variables correctly in the boundary
nodes. In steady state problems required only boundary
condition but in unsteady state problems is required the
initial conditions for all nodes in the network. Common
boundary conditions in hydraulic issues include
(Soltani and Rahimi Asl, 2003):
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A- Inlet boundary condition: numerical models can fit
the model by means of the various boundary conditions
such as velocity, mass flow, etc. For example, in
modeling of flow inside a closed or open channel can
be used velocity inlet as input boundary condition.

B- The outlet boundary condition is considered
pressure outlet equals the atmospheric pressure. If the
output is chosen at a far distance from geometric
constraints, and no change in direction of flow then the
flow state is developed full. Using this model is caused
the output surface is perpendicular to the flow and
gradient is zero in the perpendicular direction on the
output surface (Soltani and Rahimi Asl, 2003).



Seyed Amirhosein Mirabotalebi, Mehdi Nezhadnaderi / Numerical simulation of plate scour around offshore platforms and strategies to prevent it

C - Wall boundary condition: the wall boundary
condition is used to limit the area of between fluid and
solid. The model is ready for simulation by Solutions
set and defining the model. The following steps show
the simulation process (Versteeg and Malalasekera,
2007): selection methods of discretization equation: In
this paper first order upstream difference method is
used for discretization of momentum, k, ¢ and o
equations and the standard method is used to find the
pressure. Selection methods of the relation velocity -
Pressure: this step is only be studied segregated. In this
paper is used from SIMPLE method for velocity -
pressure coupling. Determine the discount factors: the
discount factor values are used for control of
calculated variables in the each iteration. In this paper,
the default values are used respectively for the
pressure, density, momentum, k, ¢ and turbulent
viscosity. In this paper, the initial values of the relative
pressure is considered zero And the initial values of
velocity components close to the average values
presented in the input stream. By completing the steps
in the numerical model, we can start the introduced
process of problem by defining of repeat process. The
frequency of reporting of results can be introduced
before computing the numerical model. During
solution process can be seen convergence of solution
by the control of residues, integral of surface, statistics
and values of the force. After finishing solution the
computation of the unknown quantities and the results
can be calculated at any point of the field and can be
displayed by vector in the form, contour and profile
views (Versteeg and Malalasekera, 2007). In this paper
for solution of flow is usually introduced initial number
repeat 1000 with report of every step of the calculation
that conditions for convergence of the unknown
parameters were satisfied after 300 to 350 iterations.
5. Discussion

In this research, Gambit software version 16.3.2 has
been used to generate the geometry and mesh it. The
mesh pattern is Quad element and map type is used for
the surfaces. The existing boundary conditions are
velocity input from the left side from the top of the arc
and pressure output boundary condition at the bottom
of the arc outlet. The simulation results are seen in
Figures 5 to 21.
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Figure 6 - The velocity curve, m/s, shows that the
velocity values decrease behind the offshore platform
base. The maximum velocity value is below the

offshore platform base line, which will cause scour.
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that the pressure values behind the offshore platform
base and above and below it decrease. The maximum
negative pressure value is below the offshore platform
base line, which will cause scouring. By increasing
the Reynolds number from 3000 to 7000, the negative
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3000 to 7000, the maximum velocity value in this case
increases.
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Figure 11 - Meshing and geometry of the model
created for the impact of barrier plates in front of the
offshore platform base.
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Figure 12 - Lines of constant velocity, m/s, results
show that the velocity values decrease behind the
offshore platform base. The maximum velocity value
is below the offshore platform base line, which will
cause scouring at a distance further from the base due
to the presence of barrier plates.
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Figure 13- Isobaric lines in Pascal, the results show
that the pressure values behind the offshore platform
base and above and below it decrease. The maximum
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Figure 10 - Lines of constant velocity, m/s, the results
show that the velocity values decrease behind the
offshore platform base. The maximum velocity value
is below the offshore platform base line, which will
cause scour. By increasing the Reynolds number from
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negative pressure value is below the offshore platform
base line, which is significantly reduced compared to
the case without the use of barrier plates.

4. Conclusion
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The reduction of the pressure gradient is one of the
most important and fundamental factors in the
formation and development of scour around the base of
an offshore platform and the formation of the sluice
phenomenon in the bed around the base of the offshore
platform. This phenomenon is considered as one of the
results of the pressure gradient prevailing over the
submerged weight of bed sediment particles.

In the present study, the effect of the offshore platform
base lines with their different diameters on the scour
process is first investigated; then, by installing an
impermeable sheet in front of the offshore platform
base lines, the effect of this sheet on the scour
phenomenon is studied.

Laboratory results indicate that the use of impermeable
sheets in front of the offshore platform base lines to
some extent prevents the formation of scour tunnels
around the offshore platform base lines and protects
them from the dangers caused by scour.

In this study, the simulation of the flow around the
submerged offshore platform base with different
Reynolds number states was investigated using the
computational fluid dynamics method and Fluent
software.

The results of the first model for the isovelocity lines,
m/s, show that the velocity values behind the offshore
platform base decrease from 0.006 to 0.00006.

The maximum velocity value is below the offshore
platform base line, which will cause scouring. By
increasing the Reynolds number from 3000 to 7000, the
maximum velocity value increases in this case.

The results of the isopressure lines in Pascals show that
the pressure values behind the offshore platform base
and above and below it decrease. The maximum
negative pressure value is below the offshore platform
base line, which will cause scouring. By increasing the
Reynolds number from 3000 to 7000, the negative
pressure value in this case increases from minus 0.07 to
minus 0.3 in Pascals, which will cause scouring. The
maximum negative pressure value is below the
offshore platform base line, which is significantly
reduced compared to the case without the use of barrier
plates.
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1. Introduction

ABSTRACT

The Persian Gulf is a shallow basin characterized by high evaporation rates,
resulting in the formation of one of the saltiest water bodies in the world. To
compensate for the evaporative water loss, a less saline water mass enters the
Gulf through the Strait of Hormuz, known as the Indian Ocean Surface Water
(IOSW). Due to its high density, the hypersaline Persian Gulf Water (PGW)
sinks toward the seabed and exits the Gulf through the deeper layers of the Strait
of Hormuz, flowing toward the Gulf of Oman. To identify and characterize the
water masses present in the Persian Gulf, Strait of Hormuz, and Gulf of Oman,
hydrographic surveys were conducted during the summer and winter seasons of
the 2102 and 2201 expeditions aboard the Persian Gulf Explorer. Using CTD
profiling, physical and chemical parameters of seawater were measured.
Analysis of temperature, salinity, and potential density anomaly across
isopycnal layers—surface, intermediate, and deep—along north-south and east-
west vertical transects enabled the evaluation of water mass structure and
distribution in the region. Results indicate that during summer, surface water
mixing is intense due to atmospheric conditions such as the monsoon, and
stratification primarily occurs below depths of 30 meters. In contrast, winter
stratification weakens, and due to lower temperatures, horizontal layering is
observed from the eastern Strait of Hormuz to the western end of the Persian
Gulf—marked by increasing salinity and density, and decreasing temperature.
The IOSW enters the Persian Gulf through the Strait of Hormuz and propagates
along the northern coastline. In summer, cyclonic eddies in the Gulf induce
southward flow in several central regions. The PGW is observed in the deep
central Gulf during summer, while surface mixing between IOSW and Gulf
waters reduces salinity in the upper layers. The summer PGW mass is detectable
in the western Gulf of Oman at approximately 100 meters depth near the Strait
of Hormuz. However, in winter, the inflow into the Gulf weakens due to reduced
wind forcing and strong horizontal stratification of salinity and density, which
limits the penetration of incoming water.

encompassing diverse marine ecosystems and

The Persian Gulf is considered the third largest gulf in
the world, following the Gulf of Mexico and Hudson
Bay. The Strait of Hormuz is one of the most strategic
maritime corridors globally, serving as the primary
gateway for oil exports and a major route for non-oil
trade between Southeast Asia and the Middle East.
Together, the Persian Gulf and the Gulf of Oman form
a vital geopolitical and commercial zone for Iran,
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substantial oil and gas reserves (Raeisi et al., 2020).

The Persian Gulf is a shallow, semi-enclosed basin
with an average depth of 35 meters and a maximum
depth of 90 meters, connected to the Gulf of Oman via
the Strait of Hormuz. It is recognized as one of the
principal sources of hypersaline water masses in the
global ocean. The Gulf of Oman, located in the
northwestern part of the Indian Ocean near the Arabian
Sea, has an L-shaped configuration. The Strait of
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Hormuz lies approximately at 26°30'N and 56°30'E,
with a width of 56 km and depths ranging from 90 to
110 meters. The regional meteorology is dominated by
northwesterly winds with seasonal variability, which
also influence the Gulf of Oman. Sea surface
temperatures in the Strait of Hormuz range from 32—
34°C in summer and 18-20°C in winter. Due to high
evaporation rates exceeding freshwater input from
precipitation and river discharge, the Persian Gulf
functions as a reverse estuary (Reynolds, 1993).
Geographically, the Persian Gulf extends in a
northwest—southeast direction between 25°-30°N and
48°-56°E, while the Gulf of Oman spans 26°-32°N and
56°—62°E. Although the maximum depth of the Persian
Gulf is 90 meters, depths exceeding 100 meters are
observed in the Strait of Hormuz. Pous et al. (2004)
conducted hydrographic measurements in the eastern
Strait of Hormuz during October and early November
1999, analyzing physical water properties, current
profiles, sea level fluctuations, and surface circulation.
Their findings indicated that inflow to the Persian Gulf
occurs through the northern sector of the strait, while
dense Persian Gulf Water (PGW) exits through the
southern deep layers.

In more recent studies, Azizpour et al. (2016) deployed
four subsurface mooring systems during field
campaigns in November 2012 and January 2013,
identifying tidal dynamics in the Strait of Hormuz as a
combination of semi-diurnal and diurnal standing wave
patterns. Hunter (1982), using data from a UK
meteorological vessel in 1981, observed a surface
inflow of approximately 0.1 m/s along the Iranian
coast. Seasonal analysis revealed stronger inflow
during summer (~0.2 m/s) and weaker currents in
autumn and winter. These estimates were supported by
ship drift observations along the Iranian coastline.
Sonu (1979), based on April 1977 measurements,
documented an inflow penetrating up to 200 km into
the Persian Gulf via the Strait of Hormuz. The density
contrast between the Persian Gulf and the Gulf of
Oman, intensified by the summer monsoon, drives
water exchange, as previously noted by Schott (1918),
Barlow (1932), and others. The outflow of PGW into
the Gulf of Oman has been reported by Sewell (1934),
Emery (1956), Duing & Koske (1967), and more
recently by Ramak (2022).

Sugden (1963) proposed a surface inflow above the
outflow layer, accompanied by cyclonic circulation
within the Persian Gulf. Pous et al. (2004) confirmed
that PGW exits through the southern deep layers of the
strait, while IOSW enters through the northern sector.
Their 1999 GOGP99 cruise data revealed that PGW
outflow follows a southeastward trajectory below 200
meters in the Gulf of Oman, later deflecting
southwestward near the continental slope and
continuing along the Omani coast at ~0.2 m/s.
Temperature and salinity of PGW decrease from 27°C
and 39.75 psu in the Gulf to 21°C and 37.1 psu in the
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northern Arabian Sea, with non-uniform mixing in
localized regions.
Five major water masses were identified:

. Seasonal Thermocline Water (TW): ~30°C, 37
psu at ~25 m depth (summer)

. Indian Ocean Surface Water (IOSW): 20—
22°C, 36-36.5 psu at 50-100 m

. Persian Gulf Water (PGW): 20-22°C, 37.25—
37.5 psu at 150-300 m

. Red Sea Water (RSW): 10-12°C, 35.5 psu at
~800 m

. North Indian Deep Water (NIDW): ~2°C, 34.8
psu at 2000—4000 m

Hunter (1982) attributed PGW formation to intense
evaporation in the northwest Gulf, with PGW
descending and moving southward under the influence
of Coriolis deflection. He noted that sea level reduction
due to evaporation and limited rainfall is compensated
by inflow along the Iranian coast from the Gulf of
Oman.

2. Methodology

To investigate the spatial distribution and interaction of
water masses in the Strait of Hormuz, data from two
hydrographic cruises conducted in 2021 (1400 SH)
were analyzed.

The summer cruise, titled “Oceanographic Monitoring
of the Persian Gulf and Gulf of Oman,” was conducted
by the Iranian National Institute for Oceanography and
Atmospheric Science aboard the Persian Gulf Explorer
during  September—October 2021  (PGE2102).
Measurements were taken at 67 stations from the
Arvand River mouth (Sept 7) to Chabahar (Oct 1).
The winter cruise, also titled “Oceanographic
Monitoring of the Persian Gulf and Gulf of Oman,” was
conducted in two legs during January—February 2022
(PGE2201). A total of 86 stations were sampled from
the northernmost point of the Persian Gulf (Jan 12) to
near Chabahar (Feb 12), under varying atmospheric
and oceanic conditions.

Table 1. Specifications of CTD Measurements Conducted
During Research Cruises

Number
Measurement
Cruise Code Survey Area of
Period
Stations

Persian Gulf, Strait
September 7 to

PGE2102 of Hormuz, Gulfof 67
October 1, 2021
Oman
Persian Gulf, Strait January 12 to
PGE2201 of Hormuz, Gulfof 86 February 12,
Oman 2022
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Figure 1. Locations of Sampling Stations During summer and
winter Cruises

Through the analysis of temperature, salinity, and
density fields, the distinct characteristics and
boundaries of various water masses were identified. By
plotting isotherms, isohalines, and isopycnals across
different depth layers, the spatial extent and presence
of water masses were delineated using contour
mapping. For this purpose, a depth of 5 meters was
selected to represent the surface layer, and 50 meters
for the deep layer of the Persian Gulf.

Using vertical profiles of temperature, salinity, and
density, the location, intrusion extent, and lens-like
structure of water masses were determined. These
profiles were extracted along east—west transects across
the central Strait of Hormuz and north—south transects
across the western, central, and eastern sectors of the
strait.

3. Results and Discussion

Water masses are generally classified into deep and
bottom waters, intermediate waters, and surface
waters. Their nomenclature and spatial boundaries
vary depending on the oceanic basin in which they
form. To identify and trace water masses, researchers
rely on tracers, their position relative to the global
ocean, and their vertical distribution (Emery and
Meincke, 1986).

This section focuses on the identification and tracking
of water masses, as well as the analysis of horizontal
and vertical mixing and stratification in the Persian
Gulf and Gulf of Oman during warm and cold seasons,
based on CTD measurement data.

3.1. Salinity Fields

Figure 2 illustrates isohaline distributions at depths of
5 meters and 50 meters from the PGE2102 (summer)
and PGE2201 (winter) research cruises. In summer, the
highest salinity values are observed along the southern
Arabian coastline and the northwestern sector of the
Persian Gulf. Lower salinity values appear in the
central Gulf and along the northern coast of the Strait
of Hormuz. In the Gulf of Oman, surface salinity is
generally below 37 psu, while salinity in the Strait of
Hormuz approaches 38 psu, and in the Persian Gulf
ranges from 39 to 40 psu.
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Figure 2. Isohaline surfaces in the Persian Gulf and the Gulf
of Oman at depths of 5 and 50 meters during cruise PGE2102
in summer and cruise PGE2201 in winter

At 50 meters depth during summer, most areas of the
Persian Gulf with depths exceeding 50 meters exhibit
salinity values above 40 psu, with two distinct high-
salinity cores located in the northern and central Gulf.
A pronounced salinity gradient is evident in the western
Strait of Hormuz, where salinity increases from 37.5
psu in the east to over 40 psu in the west. This depth
reveals the interaction between the inflowing IOSW
and the outflowing PGW, with a sharp salinity contrast
clearly delineating the two water masses.

In winter, surface salinity data from PGE2201 show the
highest values in the northwestern extremity of the
Persian Gulf. Lower salinity is observed in the central
and southern Gulf. In the Gulf of Oman, surface salinity
drops below 36.8 psu, and in the northern Strait of
Hormuz, it falls below 36 psu, attributed to heavy
rainfall in January 2022, which introduced significant
freshwater into the region.

At 50 meters depth, near-bottom waters in the Persian
Gulf maintain salinity levels above 40 psu, but salinity
decreases toward the Strait of Hormuz. In the Gulf of
Oman, a more uniform salinity field is observed, with
a clear east—west salinity gradient extending across the
Strait of Hormuz.

3.2. Temperature Fields

Figure 3 presents isotherm distributions from cruises
PGE2102 and PGE2201. Surface temperatures during
the summer cruise (September—October 2021) exceed
35.5°C in the Persian Gulf, making it warmer than
adjacent oceanic waters. In two northern zones near the
Iranian coastline, temperatures reach up to 35°C. In the
Strait of Hormuz, surface temperatures are more
moderate, while in the Gulf of Oman, they drop below
31°C.
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Figure 3. Isothermal surfaces in the Persian Gulf and the Gulf
of Oman at depths of 5 and 50 meters during cruise PGE2102
in summer and cruise PGE2201 in winter

At 50 meters depth in summer, a noticeable
temperature decline is observed in both the Persian
Gulf and Gulf of Oman, whereas the Strait of Hormuz
retains relatively higher temperatures. Temperatures
fall below 25°C in the Persian Gulf and below 24°C in
the Gulf of Oman, while the Strait of Hormuz shows
values above 27°C. This pattern suggests enhanced
vertical mixing in the Strait of Hormuz compared to the
Persian Gulf and Gulf of Oman, resulting in a weaker
summer thermocline in the strait.

Winter temperature variations across different depths
reveal that at 5 meters, surface temperatures decrease
from the central Gulf toward the northwestern end.
From the central Gulf to the midsection of the Strait of
Hormuz, temperatures remain relatively uniform, but in
the northern coastal areas of the strait, temperatures
drop to 20°C. The Gulf of Oman exhibits relatively
homogeneous temperatures throughout. The strongest
horizontal temperature gradients are found in the
northwestern Persian Gulf and northern Strait of
Hormuz.
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Figure 4. Isopycnal surfaces in the Persian Gulf and the Gulf
of Oman at depths of 5 and 50 meters during cruise PGE2102
in summer and cruise PGE2201 in winter

At 50 meters depth in winter, temperatures vary
slightly. Lower temperatures are observed in the central
and northwestern Gulf, while warmer zones exceeding
24°C appear in the western and central Gulf, indicating
the presence of a distinct water mass—Ilikely the dense
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Persian Gulf Water (PGW)—characterized by its
unique thermal signature.

3.3. Potential Density Anomaly (o)

During the summer season, the highest values of
potential density anomaly (c,) at the surface are
observed in the northwestern Persian Gulf. Following
this region, the southern sectors of the Gulf exhibit
elevated density values, while the Strait of Hormuz and
the central axis of the Gulf, near the Hormozgan—
Bushehr boundary, show the lowest surface densities.
Since seawater density is a function of both
temperature and salinity, areas with higher salinity and
lower temperature tend to exhibit greater potential
density.

The lowest summer density values are recorded in the
eastern Strait of Hormuz, but density increases again
toward the Gulf of Oman and the Persian Gulf. This
increase is attributed to higher salinity in the Gulf and
lower surface temperatures in the Gulf of Oman
compared to the Strait of Hormuz.

In winter, potential density anomaly at 5 meters depth
shows maximum values in the northwestern Persian
Gulf, reaching up to 30 kg/m*. From the Gulf toward
the Strait of Hormuz, density decreases, stabilizing
around 25.5 kg/m® in the eastern Strait and adjacent
Gulf of Oman. The strongest density gradients are
observed in the western Strait of Hormuz and the
northwestern Gulf.

At 50 meters depth, density anomaly in the Persian
Gulf is generally higher than in the Strait of Hormuz
and Gulf of Oman. However, due to the presence of
warmer PGW in deeper layers, the density anomaly is
not excessively high. In the Gulf of Oman, density
values remain relatively uniform, but increase slightly
toward the Strait of Hormuz.

3.4. Vertical Profiles

Figure 5 presents vertical sections T1, T2, and T3
across the western, central, and eastern Strait of
Hormuz, and section L1 spanning west to east across
the Persian Gulf, constructed to identify water masses
and their interactions during summer and winter.

ey

EE FE GE
Figure S. The plotted profiles T1, T2, and T3 illustrate
conditions in the western, central, and eastern parts of the
Strait of Hormuz, while profile L1 represents a transect from

the western to the eastern Strait of Hormuz
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Figure 6 shows vertical profiles from the Iranian coast
to the central Persian Gulf in both seasons. The winter
salinity profile reveals lower surface salinity near the
Iranian coast and higher salinity in deeper layers near
the central and southern Arabian coasts.
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Figure 6. Plotted profiles of salinity, temperature, and
potential density anomaly along transect T1 in the western
part of the Strait of Hormuz

In summer, low-salinity waters from the northeastern
Gulf extend toward the central basin, indicating the
inflow of IOSW. Salinity increases from north to south,
and also with depth in the eastern Gulf, suggesting the
formation of a high-salinity bottom water mass,
particularly in the southern Gulf.

The summer temperature profile shows a well-mixed
surface layer down to ~20 meters due to turbulence and
interaction. The thermocline develops between 30 and
50 meters, marking the transition to cooler, denser
waters.

The potential density anomaly profile in summer
indicates a progressive increase with depth, with the
highest values in the southeastern deep Gulf,
confirming the presence of a dense bottom water mass.
The winter profiles in Figure 6, from northeast to
southeast, show a gradual salinity increase from surface
to bottom in the northeast, rising from 38 psu to over
39 psu near the seabed. Moving from the northwestern
Strait of Hormuz to the central Gulf, surface salinity
increases slightly to 38.5 psu.

In the central Gulf stations, salinity variation with
depth is minimal, remaining just above 40 psu. Near the
Iranian coast, a two-layer structure is evident: fresher
surface waters overlying saltier bottom waters.
Thermally, lower temperatures are recorded near the
Iranian coast, with warmer waters in the central Gulf.
Toward the southern coast, temperatures decrease
slightly. Temperature inversion is observed in northern
stations, where surface waters are cooler than deeper
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layers, forming a two-layer thermal structure. In the
central Gulf, a warm water lens with temperatures near
24°C extends from surface to near-bottom.

Potential density anomaly profiles show a consistent
increase from surface to bottom, with a slight rise in
density from northern to central stations in the Strait of
Hormuz.

Figure 7 illustrates vertical profiles of salinity,
temperature, and potential density anomaly from north
to central Strait of Hormuz. In summer, the northern
strait exhibits homogeneous water properties, with
surface salinity decreasing toward the center, likely due
to the presence of a fresher water mass extending to
~30 meters depth.
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Figure 7. Plotted profiles of salinity, temperature, and potential
density anomaly along transect T2 from north to south in the
central part of the Strait of Hormuz

In the central strait, salinity increases with depth,
forming a strong halocline between 30 and 60 meters.
The presence of high-salinity bottom waters indicates
the outflow of PGW through the southern and mid-
depth layers of the strait.

The temperature section shows higher surface
temperatures in the northern strait compared to the
center, due to shallower depths and seasonal heating.
Surface temperatures decrease toward the center, with
the lowest values near the seabed.

Potential density anomaly in the northern strait remains
relatively uniform, while in the central strait, density
increases with depth.

The bottom panel of Figure 7 shows north—south
vertical profiles across central Strait of Hormuz during
winter. Northern stations exhibit very low salinity
(~35.4 psu), increasing toward the center. This is
attributed to rainfall prior to sampling, introducing
freshwater into the northern strait.
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In central stations, bottom salinity exceeds 38 psu,
while surface layers remain below 37 psu, indicating a
two-layer structure. In contrast, the northern strait
displays a single-layer structure of locally fresh water.
The strongest winter halocline is observed between 40
and 60 meters depth.

3.5. Vertical Profiles and Water Mass Structure
Winter temperature measurements in the vertical
profile reveal a pronounced thermal inversion in the
Strait of Hormuz, where surface waters are colder than
deeper layers. A distinct warm water zone is observed
below 50 meters near the seabed. A clear horizontal
temperature gradient is evident from northern stations
toward the central strait. The thermocline in the
northern Strait of Hormuz appears inverted, while in
the central stations, a uniform temperature layer
extends to 50 meters, followed by a slight increase in
temperature with depth.

The potential density anomaly (c,) profile shows lower
density values in the northern stations and higher
densities near the bottom in the central Strait of
Hormuz. A weak pycnocline is observed between 40
and 60 meters in the central stations. Large portions of
this profile are occupied by homogeneous water
masses, with density values ranging from 25.2 to 25.4
kg/m?, indicating the presence of uniform water in the
mid-strait region.

Figure 8 presents vertical profiles of salinity,
temperature, and potential density anomaly from the
coastal zone to the central Gulf of Oman. The salinity
profile shows higher surface salinity compared to
subsurface layers below 25 meters. Between 25 and 80
meters, a low-salinity zone is evident. As the profile
extends from the Iranian coast toward the southern and
Arabian coasts, salinity increases near the seabed. The
compression of isohalines at the terminal station near
the bottom indicates the presence of hypersaline PGW,
with salinity approaching 40 psu. Above this layer, a
low-salinity lens between 40 and 70 meters suggests
the intrusion of Indian Ocean Surface Water (IOSW)
into the Gulf of Oman.

Temperature variations in this profile are most
pronounced between 15 and 40 meters, where a strong
vertical gradient and seasonal thermocline are formed.
Near the seabed in the central Gulf of Oman, a
temperature increase is observed, attributed to the
warmer PGW, which contrasts with surrounding
waters.

Regarding potential density anomaly, the upper layers
exhibit homogeneous density, while between 20 and 40
meters, density increases. The highest density values
are found near the bottom in the central Gulf of Oman,
where PGW is present.

The lower panel of Figure 8 shows a winter vertical
profile across the eastern Strait of Hormuz, from the
Iranian coast to the central strait. Salinity remains
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uniform and below 36.8 psu from the surface to 60
meters. Toward the Iranian coast, salinity remains
stable. However, in stations closer to the Arabian coast,
salinity increases sharply below 70 meters, reaching
over 39.5 psu within the PGW lens.
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Figure 8. Plotted profiles of salinity, temperature, and
potential density anomaly along transect T3 in the eastern
part of the Strait of Hormuz

The compression of isohalines and presence of a
halocline between 80 and 110 meters are clearly visible
in the terminal stations of this transect. Temperature
profiles in the eastern Strait of Hormuz show stable
values (~23.5°C) in both surface and deep layers up to
70 meters. On the Iranian side, temperatures drop to
22.5°C below 80 meters, while on the Arabian side,
temperatures increase with depth, forming a thermal
lens (~24°C) at 100 meters—Ilikely associated with
PGW intrusion.

The potential density anomaly profile in the eastern
Strait of Hormuz reveals a homogeneous layer from
surface to 80 meters with density near 25 kg/m?*. Below
80 meters, density increases, and in the terminal
stations, a sharp rise is observed near the seabed,
exceeding 27 kg/m*. This confirms the presence of
PGW, characterized by elevated salinity, temperature,
and density in the central and southeastern Strait of
Hormuz.

Figure 9 displays a vertical profile from west to east
across the central Strait of Hormuz. The summer
salinity profile shows a progressive increase with depth
in the western strait, with values exceeding 40 psu in
deeper layers. A clear horizontal salinity gradient from
west to east is evident. In the central strait, a two-layer
structure emerges: a low-salinity surface layer and a
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high-salinity bottom layer, with both horizontal and
vertical gradients well defined.

Figure 9. Plotted profiles of salinity, temperature, and
potential density anomaly along transect L1 from west to east
in the central part of the Strait of Hormuz

In the eastern Strait of Hormuz, a three-layer structure
is observed:

. A surface layer with salinity around 37 psu

. An intermediate layer with salinity near 36.5
psu

. A deep layer with salinity exceeding 39 psu

This stratification indicates the presence of a three-
layer water mass system extending from the Strait of
Hormuz into the Gulf of Oman.

3.6. Potential Density Anomaly Profiles and T-S
Diagrams

The vertical profile of potential density anomaly (c,) in
the western Strait of Hormuz reveals a strong density
gradient from surface to near-bottom layers, indicating
pronounced water column stratification. In the central
strait, a sharp pycnocline is observed at approximately
30 meters, separating low-density surface waters from
denser bottom waters. In the eastern Strait of Hormuz,
the structure consists of a low-density surface layer, a
pycnocline at ~25 meters, and a high-density bottom
layer.

The lower panel of Figure 9 presents a winter vertical
profile from central eastern Persian Gulf to central
western Gulf of Oman. Salinity increases significantly
with depth in the eastern Persian Gulf, rising from 37.8
psu to 40 psu at 85 meters. In the Strait of Hormugz,
surface salinity is around 37 psu, increasing to 38 psu
near 60 meters, then slightly decreasing to 37.5 psu. A
saline tongue is observed at 60 meters, extending from
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the central strait toward the Gulf of Oman, likely
indicating intrusion of [OSW. Further into the Gulf of
Oman, a saline lens exceeding 39.8 psu is detected,
with strong horizontal and vertical salinity gradients,
suggesting interaction between IOSW and PGW.
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Figure 10. Temperature—salinity (T-S) diagrams for the
Persian Gulf, the Strait of Hormuz and the Gulf of Oman
during the summer cruise (PGE2102) and the winter cruise
(PGE2201)

The temperature profile from eastern Persian Gulf to
western Gulf of Oman shows uniform surface
temperatures around 33.5°C. In the deeper layers of the
western Gulf, temperature increases from 50 meters to
the seabed, attributed to the presence of PGW. A
similar temperature rise is observed at 80 meters in the
eastern Strait of Hormuz, confirming PGW intrusion.
This warmer water mass creates thermal inversion
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zones, and due to the presence of isothermal layers, no
distinct thermocline is observed.

The potential density anomaly profile from eastern
Persian Gulf to western Gulf of Oman shows a surface
decrease in oo from 26 kg/m? to 25 kg/m?. In the
Persian Gulf, density increases with depth, peaking
near the seabed in the Gulf of Oman at 27.5 kg/m?,
indicating PGW presence. Toward the central Gulf of
Oman, density decreases again, forming a strong
horizontal gradient. PGW intrusion generates a
pronounced pycnocline between 90 and 115 meters.

3.7. Temperature—Salinity (T-S) Diagrams

T-S diagrams are used to distinguish water mass
characteristics. In winter, the Persian Gulf exhibits
diverse thermal and salinity conditions across regions.
In the northwestern Gulf (WPG), cold and highly saline
waters dominate. In the central Gulf (CPG), both
salinity and temperature decrease, though some
stations show localized increases. In the eastern Gulf
(EPG), both temperature and salinity increase with
depth. In certain depressions, temperature initially rises
with depth before declining, while salinity consistently
increases.

In the Strait of Hormuz, northern stations (NHS) show
the lowest temperature and salinity due to heavy
rainfall prior to sampling. In western stations (WHS),
both temperature and salinity increase with depth,
though some deep layers show temperature decline. In
eastern stations (EHS), salinity is lower than in the
west, and temperature remains relatively constant with
depth. Temperature increases with depth only in
stations influenced by PGW.

In the Gulf of Oman, three distinct water masses are
identified:

. Oman Sea Surface Water (OSSW): Low
salinity, relatively warm (24-26°C)

. Indian Ocean Surface Water (IOSW): 21-
24°C, 36-37 psu, found at 70—140 meters

. Persian Gulf Water (PGW): Very high salinity,
temperature up to 24°C, found at 120—180 meters
Overall, T-S diagrams effectively differentiate
regional water masses. In winter, PGW is identifiable
by higher salinity and lower temperature compared to
Oman Sea Water (OSW), which is warmer and less
saline. Hormuz Strait Water (HSW) exhibits
intermediate salinity and temperature, bridging the
Gulf and the open ocean.

4. Summary and Conclusions

Comparative analysis of Persian Gulf water masses in
summer and winter reveals that PGW consistently
exhibits higher temperatures than surrounding waters
in both seasons. In the northwestern Gulf, summer
salinity is lower than in winter, while temperatures are
warmer in summer and colder in winter. In winter,
dense waters form in surface and deep layers of the
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northwestern Gulf, reaching densities above 30 kg/m?,
whereas in summer, densities drop below 26 kg/m?.
Seasonal differences in the Strait of Hormuz are
pronounced. In summer, a thermally and salinity-
balanced zone forms between the Gulf and the Gulf of
Oman. In winter, lower temperatures dominate the
northern strait, while moderate temperatures persist in
the south. Rainfall in the northern strait disrupts
regional water properties during winter sampling.

In terms of stratification, salinity and density layering
remain relatively consistent across seasons, but thermal
stratification varies significantly. In summer, Persian
Gulf waters are warmer than those in the Gulf of Oman,
while in winter, the opposite occurs. This is due to the
shallowness of the Persian Gulf, which heats and cools
more rapidly than the deeper Gulf of Oman. Summer
thermoclines are more pronounced in the Gulf of Oman
due to its depth, though isotherm compression is
stronger in the Persian Gulf. Monsoonal activity in
summer enhances mixing in the Gulf of Oman and the
Strait of Hormuz, leading to more moderate vertical
temperature gradients compared to the Persian
Gulf.Results of the work and discussions are presented
here.

5. Conclusions

A comparative analysis of Persian Gulf water masses
during summer and winter reveals that the Persian Gulf
Water (PGW)  consistently  exhibits  higher
temperatures than surrounding waters in both the Strait
of Hormuz and the Gulf of Oman. In summer, dense
and saline waters form near the seabed, while fresher
waters occupy the upper layers. In the Gulf of Oman, a
three-layer structure emerges, consisting of Oman Sea
Surface Water, Indian Ocean Surface Water (IOSW),
and outflowing PGW. In contrast, the central water
structure of the Strait of Hormuz is notably complex,
with pronounced variations in salinity, temperature,
and density across vertical layers.

During summer, potential density anomaly (oo)
increases with depth, forming a dense bottom water
mass in the Persian Gulf. In the Gulf of Oman, cooling
and salinity elevation contribute to water densification.
The PGW core becomes the densest feature in the
southwestern Gulf of Oman, while deeper, colder
waters below 150 meters further enhance density.

In both seasons, temperature elevation near the seabed
in the central Gulf of Oman is attributed to PGW
intrusion, which contrasts thermally with ambient
waters. In the Persian Gulf, a sharp density increase
between 30 and 50 meters creates a compressed
pycnocline, which gradually weakens toward the Strait
of Hormuz and fully dissipates in the Gulf of Oman.
In winter, PGW reaches salinity levels of 40 psu in the
eastern Strait of Hormuz, a value also observed in deep,
intermediate, and surface layers of the Persian Gulf. In
summer, salinity exceeding 40 psu is confined to deep
zones below 30 meters and the northwestern extremity
of the Gulf.
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Winter density anomaly values in the Gulf of Oman
remain relatively stable, but increase toward the Strait
of Hormuz. A two-layer structure forms in the central
strait, while northern stations, influenced by local low-
salinity waters, exhibit a single-layer configuration.
The strongest halocline and salinity gradient are
observed between 40 and 60 meters.

Thermal inversions are evident in the northern and
western Strait of Hormuz during winter, while a warm
tongue appears in the eastern sector, driven by PGW
with elevated temperature and salinity. From east to
west, a broader region of cooler surface waters is
observed near the Iranian coast, extending toward the
central and southwestern strait, representing the
incoming IOSW.
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