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1. ABSTRACT: Time-dependent CFD models were used to simulate the flow structures over a
square cylinder in oscillating flow. Two-dimensional models were used to study the
hydrodynamic forces under sinusoidal flow boundary conditions that were predicted by machine
learning algorithms. The study also examines the specifications of the caused entropy around a
square cylinder under various conditions, as well as the examination of the second law. It is
found that the flow structures and forces values were sensitive to any change in input flow
parameter and rotation angle. Furthermore, it is found that the angle 10 degree of rotation object,
gives best result for entropy generation in this work.

2. INTRODUCTION

The problem of unsteady flow around coastal buildings is very important from a practical standpoint.
Examples of such high Reynolds number flow include chimneys, high-rise buildings, offshore
structures, and tube banks in heat exchangers. The requirement to comprehend the wake dynamics
behind a stack has increased recently due to the dispersion of pollution. Nonetheless, there are uses for
the low Reynolds number flow past a square cylinder in small, compact heat exchangers and electronic
chip cooling. Ocean engineers and fluid mechanics researchers have been interested in the unsteady
fluid forces acting on bodies in oscillating flow [1], [2], [3], [4], and [5]. The majority of studies have
focused on circular cylinders. [6], [7], as well as square or rectangular cylinders [5], [8], [9]. Among the
first investigations to determine the drag, inertia, and lift coefficients operating on a circular cylinder
positioned at different distances from the bottom in an oscillatory flow were Sarpkaya [10], [11] and
Sarpkaya and Rajabi [12]. These force coefficients were determined to depend on the thickness of the
boundary layer, the gap-to-diameter ratio, the Reynolds number (Re), and the Keulegan Carpenter (KC)
number. The lift force for oscillatory flow over a circular cylinder positioned on a bed was consistently
found to be away from the bottom. Liu et al. [13] have conducted a computational investigation of
internal flow past a finite circular cylinder with an aspect ratio (AR) of 10. For a range of Reynolds
numbers (100 to 200), they documented the production of the necklace or horseshoe vortex at the plate-
body junction and the tip vortex at the free-end. Farivar [14] used a hot-film anemometer to
experimentally study the turbulent flow past a limited circular cylinder. Three separate vortex rows with
varying frequencies are present along the cylinder's length, and the pressure and frequency
measurements show a suppressed two-dimensional zone on the lowest portion of the cylinder. The U-
shaped oscillating flow tunnel, in which the confined water oscillates at a predetermined natural
frequency, is a typical piece of experimental equipment in this field. The resulting flow velocity has a
sign that switches cyclically. Its mean velocity then drops to zero. The vortex flow structures and flow
turbulence surrounding a 2D square cylinder will be examined using the computational fluid dynamics
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(CFD) technique. These features are greatly influenced by the direction and velocity value of sinusoidal
oscillating flows, as well as by other parameters like object position angle, axial velocity amplitude,
wave flow frequency, object shape, and hydrodynamic forces influenced by those parameters. The paper
also studies the second law analysis by the entropy generated around a 2D square cylinder under
oscillating flow conditions.

3. METHODOLOGY

3.1 Machine learning model for wind velocity prediction

To enhance the accuracy of wind velocity predictions over coastal buildings, a machine learning
(ML) approach was integrated into the computational model. The ML model was trained using historical
wind velocity data, numerical simulations, and experimental observations to predict the fluctuating wind
speed over different structural geometries.

The dataset consisted of wind velocity measurements obtained from computational fluid dynamics
(CFD) simulations which provided detailed insights into the wind flow characteristics around buildings
under various oscillatory flow conditions, experimental wind tunnel data where previous studies and
real-world measurements of wind velocity over structures in coastal environments were used to validate
and refine the model, and meteorological data where historical weather data from coastal regions,
including wind speed, direction, temperature, and atmospheric pressure, were incorporated.

The collected data underwent preprocessing steps such as normalization, outlier removal, and feature
selection to enhance the model's predictive capabilities.

Several ML algorithms were tested, including:

o Artificial Neural Networks (ANNSs): Used for capturing nonlinear relationships between wind
parameters.

o Random Forest Regression: Effective for feature importance analysis and robust wind speed
estimation.

e Long Short-Term Memory (LSTM) Networks: Employed to capture time-dependent variations
in wind velocity.

Based on model performance evaluation, an LSTM network was selected due to its superior accuracy
in predicting oscillating wind speeds over time.

The dataset was split into training (70%) and testing (30%) subsets. The model was trained using a mean
squared error (MSE) loss function as in Eq. (1) and optimized with the Adam optimizer. Hyperparameter
tuning was conducted to refine the network architecture.

v = 1)
MSE == (%~ T)

i=1

Where n is the number of data points, Y; is the observed value, and Y, is the predicted value. The
trained model was used to predict wind velocity profiles over different coastal building configurations.
The predictions were incorporated into the CFD model to adjust boundary conditions dynamically,
improving the accuracy of flow simulations. The model was validated against experimental and
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numerical results, achieving a correlation coefficient (R2) of 0.94 with CFD-predicted wind velocities.
The error margin remained within £5%, demonstrating the model's reliability in predicting wind
oscillations in coastal environments.

3.2 Numerical model

The following governing equations for turbulent, incompressible flow make up the mathematical
model [15]. Eq. (2) is the continuity equation while Eq. (3) is the RANS equation.

a 9 _ )
Fri o, (@) =0
om0 op o[ (0w 0w 2 _ om 9, 3)
— (piTiT) = —— 4 8. — (—p1' 1
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The realizable k—e model, which has the transport equation of kinetic energy (k), is used to create
turbulent flow as in Eq. (4).

%(pk)+pa%(Uik)=%[(u+ Z—:)%k]+w52—p€ @
Specific dissipation rate equation is shown in Eq. (5).
%(p€)+paiXi(Uis) =%[(u+i—:)%5]+@p55—@p%ﬁ ®)
Where C; is shown in Eq. (6), C. = 1.9, and C,, is shown in Eq. (7).
C,; = max (0.43,”77?) (6)
G =—— (7)
Ao+ AU

Where AO = 0.4, U* is given by Eq. (8), As is given by Eq. (9), W is given by Eqg. (10), and the velocity

tensor is given by Eq. (11).
x f 8

1 9
A =6 cos <§ arccos(\/gW)) )
W V8S;SiSki (10)
=—
1/ou, dy (11)
;== -
] 2 ax] axi

MARLOG 14



Arab Academy for Science, Technology, and Maritime Transport
The International Maritime and Logistics Conference “MARLOG 14~
“Artificial Intelligence Implementations
Towards Shaping the Future of Digital World”

23 — 25 February 2025

Where the Reynolds averaged velocity vector is denoted by . The Reynolds stress term (—pu'lu']) of
the equation is then solved using one and two-equation turbulence models [16], [17].

The work transfer rate W is indicated by the second rule of thermodynamics in Eq. (12) [18].
W = Wrev — ToSgen (12)

Regardless of phase transitions and chemical reactions, the irreversible entropy generation can be
described in terms of the local flow derivatives. The mechanisms of thermal dissipation and generated
dissipation are equivalent to a thermal and a viscous entropy generation, respectively [19]. It can
therefore be expressed as in Eq. (13).

Sgen =Sy + S (13)

The heat dissipation term disappears in incompressible isothermal flow. Thus, the local viscous term
can be written as shown in Eq. (14).

_K (14)
Sy = T, P

The global entropy production rate is then written as in Eq. (15), where ¢ is the viscous dissipation,
which is given in two dimensional Cartesian coordinates as in Eq. (16) [19].

(6u)2 N (617)2 N
0x dy
SG = Jj Sdedx

xy

(Bu Bv)z (15)

=2 —
¢ 6y+6x

(16)

The axial force coefficient is therefore provided by Eq. (18), and the torque coefficient can be expressed
as in Eq. (19) [20].

Cr=C,sina—Cpcosa (18)

Cy,=C,cosa—Cpsina (19)

3.3 Computational model, solver details, and boundary conditions

The GAMBIT code was used to discretize the computational domain into finite volume cells. The
momentum and continuity equations were solved using Dirichlet boundary conditions, which are
consistent with the Green-Gauss cell-based evaluation technique employed in the ANSYS FLUENT
solver. Through a variety of tests using various interpolation approaches, the cell face values of the flow
field variables as well as convergence conditions have been calculated. Based on its results, which were
comparable to those of the third order MUSCL method, the second order upwind interpolation approach
was then employed. As shown in Fig. (1), the grid distribution close to the square surface wall, the
solution was seen to reach convergence when the scaled residuals approached 1x10°%, where the flow
field variables maintain constant values with successive iterations.
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Figure 1: (a) Computational domain, and (b) computational grid near wall.

In this simulation, the axial flow of a square object was represented as a sinusoidal wave. The inlet
velocity form, which was produced using Eq. (18), is displayed in Fig. (2). The inlet boundary conditions
were adjusted to vary over time.

V=V, +V,(sin2rft) (18)
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Figure 2: The sinusoidal wave boundary condition representing regular oscillating air input.

T. Nomura et al.'s experimental investigation [5] revealed that two instances of sinusoidal oscillating
flows were produced. Table 1 lists these two flows' distinctive parameters. In order to meet the CFL
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(Courant Friedrichs Lewy) [21] requirement, the time step was set to 0.00056 seconds.

Table 1. Characteristic parameters of two experimental cases.

Time period (sec) Vo (Mm/sec) Va (m/sec)
Case 1 0.5 6.64 3.14
Case 2 1 6.49 3.19

3.4 Grid Independence

The number of grid cells needed to guarantee that the model is free of numerical errors was estimated
using multiple grids in order to reach a grid-independent test, as shown in Table 2. Grid D took less time
than Grid C, yet both produced the same outcome. Thus, grid C is selected to carry out the study that
follows.

Table 2. Specification of different grids used in the grid independence test.

Grid Number of Cells First Cell Growth Rate EquiAngle Skew
A 111803 1x10* 1.02 0.42
B 202017 1x10° 1.015 0.465
C 320451 1x10° 1.012 0.504
D 426878 1x10°6 1.01 0.501

3.5 Solution validation

To provide the best agreement with the adopted experimental data, the oscillatory flow around the
object was modeled using the realizable turbulence models [5]. Measurements are made of the unsteady
forces operating on a square cylinder in an oscillating flow with a nonzero mean velocity. A special AC
servomotor wind tunnel produces oscillating air flows. The velocity histories that are produced are
nearly perfect sinusoidal waves. The Morison equation is compared with the measured unsteady forces.
The following simulation instances used this data since it is the most experimental data with information
accessible for the sinusoidal flow condition to confirm our work. The observed drag force from reference
and the estimated drag force from CFD at two different frequencies exhibit excellent agreement, as
shown in Figs. (3) and (4). Eq. (19) shows the Morison equation for the in-line force operating on the
cylinder per unit length, which is used to calculate the drag force recorded.

1 .

Where U = dU/dt and the unstable in-line force's inertia coefficient is represented by the non-
dimensional coefficient ;. The evaluation of this non-dimensional coefficient is contingent upon [22]
and [23].
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Figure 3: Computed using CFD with a frequency of 2 Hz and measured unsteady in-line force (angle of attack =
0 degree).
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Figure 4: Unsteady in-line force was measured at a frequency of 1 Hz (angle of attack = 0 degrees) and
computed using CFD.
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4. RESULTS

4.1 Vortex shedding and turbulence

Fig. (5) presents the effect of the oscillating value of an incoming flow for compression and suction
cycle. The contour of mean velocity magnitude at different time period shows low value around the
object. But the lower and upper faces have high value area (1, 2) after this droop. The value in this area
increased in acceleration period and then decreased in deceleration for compression cycle. On the other

hand, the value in this area decreased in acceleration flow (creating a lower value at 0.627 second) and
then increased in deceleration flow for suction cycle.
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Figure 5: Contour of mean velocity magnitude in m/sec for sinusoidal input flow with frequency equal to 1 Hz.
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Figure 6: Contour of vorticity magnitude (m/s) for sinusoidal input flow with frequency equal to 1 Hz.

Fig. (7) displays the velocity vectors around the 2D square cylinder with varying rotational angles
that are colored by the turbulent viscosity ratio. The turbulent viscosity ratio peaked at 10 degrees, as
this figure illustrates. Moreover, the lowest values are obtained at 40 and 50 degrees.

30 degree 40 def,;ree 50 degreé 60 degree

Figure 7: Velocity vectors for sinusoidal input flow with a frequency of 1 Hz and a velocity equal to 7.608204
m/s colored by the turbulent viscosity ratio at a certain period (0.057 seconds).
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The contour of velocity colored by turbulent viscosity ratio around the 2D Square cylinder with different
angle of rotation can be seen in Fig. (8). This figure shows four vortex areas (1, 2, 3, and 4). The
construction of vortex in area 2 only changed with angle of rotation. On the other hand, the value of
turbulent viscosity ratio in the four areas changed with angle of rotation. Maximum value for area 2 was
created at 40 and 50 degrees. Maximum value for areas 3 and 4 was shown at 60 degrees.

250002 900802 130203 270203 360803

10 degree

Figure 8: At a specific period (0.057 seconds), the turbulent viscosity ratio is used to color the velocity contours.
For a sinusoidal input flow with a frequency of 1 Hz, the velocity is 7.608204 m/s.

The effect of change in the amplitude of axial velocity with the same frequency and initial velocity
was presented in Fig. (9). With an axial velocity amplitude of 3.19 m/s and a Reynolds number of 2x104,
the first figure displays two vortex zones (1, 2) on the upper and lower surfaces. The value of vorticity
magnitude increases in tandem with the amplitude of axial velocity. A third area of vortex occurred in
the bottom surface of the second figure, which shows an amplitude of axial velocity equal to 43.51 m/s
with a Reynolds number of 1x10°, and the third figure, which shows an amplitude of axial velocity equal
to 110.51 m/s with a Reynolds number of 2.4x10°.
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Figure 9: Velocity vectors colored by vorticity magnitude, (a) 3.19 m/s, Re = 2x10%, (b) 43.51 m/s, Re = 2x10%,

and (c) 110.51 m/s, Re = 2.4x105, zero degree of rotaion, at certain time (0.176 second) for sinusoidal input flow
with frequency equal to 1 Hz.

The object shape has the mean reason for the structures of vortex flow and flow turbulence. So, in
Fig. (10), two different object shapes were presented. In the first figure for the square shape, it can be
seen that there are four important areas. Area 1 has a very low velocity due to the collision by the object.
Areas 2 and 3 have vortex flow and above this vortex there are high values of velocity. The back flow
can be seen in area 4. For the circular in the second figure, the decrease in velocity value due to the
collision was smaller than the square in area 1. Areas 2 and 3 have high value of velocity but without
vortex flow. The back flow can see also in area 4.

b)

a)

Figure 10: For a sinusoidal input flow with a frequency of 1 Hz, velocity vectors colored by velocity magnitude,
(a) square, and (b) circular, with zero degree of rotation, at a certain period (0.176 seconds).

4.2 Hydrodynamic forces
The pressure coefficient for different incoming oscillating flow frequency (2, 1, 0.5, 0.25, 0.167) Hz,
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was presented in Fig. (11) for compression cycle and Fig. (12) for suction cycle. It is evident from Fig.
(11) that the pressure coefficient rises in tandem with the flow frequency. With the exception of the
pressure coefficient, which was roughly similar to the value at 0.167 Hz at 0.5 Hz. Furthermore, in Fig.
(12), for suction cycle, the value of pressure coefficient was smaller than value for compression cycle
at the same condition (by approximately seven times at maximum value and by approximately twenty
times at minimum value). Also, the increase in flow frequency comes with an increase in the pressure
coefficient. Except the pressure coefficient at 1 Hz, was approximately less than the value at 0.5 Hz.
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Figure 11: Pressure coefficient for the upper surface in compression cycle with zero degree of rotation at
maximum velocity (about equal to 9.5 m/s) with varying incoming oscillatory flow frequencies (2, 1, 0.5, 0.25,
and 0.167) Hz.
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Figure 12: Pressure coefficient at zero degree of rotation at maximum velocity (about equivalent to 9.5 m/s) for
upper surface in compression cycle, and for various incoming oscillating flow frequencies (2, 1, 0.5, 0.25, and
0.167) Hz.
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The impact of various rotational angles on the lift and drag force coefficients is depicted in Fig. (13).
In both cycles, a 10-degree rotation angle yields the lowest lift force coefficient value. As a result, in
both cycles, the left force coefficient's maximum value was produced at a 30-degree rotational angle.

Lift Coefficient

== Compression Cycle
—8— suction Cycle

== == Total Sinusoidal Cycle

K

0 10 20 30 40 50 60

Object Position Angle (Degree)

Figure 13: Lift coefficient for different rotation angle (0, 10, 20, 30, 40, 50 and 60) degree, at max velocity
(approximately equal to 9.5 m/s) for sinusoidal input flow with frequency equal to 1 Hz.

On the other hand, in Fig. (14), for the drag force coefficient, the maximum value was created at 50
degrees and the minimum at 0-degree rotation angle in both cycles.
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Figure 14: Drag coefficient for different rotation angle (0, 10, 20, 30, 40, 50 and 60) degree, at max velocity
(approximately equal to 9.5 m/s) for sinusoidal input flow with frequency equal to 1 Hz.
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The torque coefficient variation brought on by various rotational angles is shown in Fig. (15). The
torque coefficient is at its highest for compression and suction cycles when the object position angle is
zero degrees. Additionally, a minimum value of 50 degrees for the compression cycle and 60 degrees
for the suction cycle were established.
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Figure 15: The torque coefficient for a sinusoidal input flow with a frequency of 1 Hz at maximum velocity
(about equivalent to 9.5 m/s) for various rotation angles (0, 10, 20, 30, 40, 50, and 60 degrees).

As seen in Fig. (16), a rotation angle of 10 degrees yields the lowest value for the axial force
coefficient in both cycles. Otherwise, in both cycles, the 30-degree rotational angle produced the highest
value of the axial force coefficient.

Axial force
Coefficient —H— Compression Cycle
=== Suction Cycle

= = Total Sinusoidal Cycle

4] 10 20 30 40 50 60

Object Position Angle (Degree)

Figure 16: The axial force coefficient for a sinusoidal input flow with a frequency of 1 Hz at maximum velocity
(about equivalent to 9.5 m/s) for various rotation angles (0, 10, 20, 30, 40, 50, and 60 degrees).
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The entropy generation in the flow over the square is directly impacted by the change in the rotational
angle. Nevertheless, the flow over the square exhibits a distinct entropy generation signature at varying
angles, as illustrated in Fig. (17). Ten degrees is the minimum value for both compression and suction
cycles. Furthermore, the global entropy generation rate for suction cycles was consistently lower than
that for compression cycles. The global entropy generation for the whole sinusoidal cycle is displayed

in Fig. (18).

global entropy generation rate
(W/K)
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100 1

LR

0 10 20 30 40 50 60

Object Position Angle (Degree)

O Compression cycle
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Figure 17: At a maximum velocity of 9.5 m/s for sinusoidal flow with a frequency of 1 Hz for compression and
suction cycles, the global entropy generation rate is calculated for various rotation angles (0, 10, 20, 30, 40, 50,

200
Q
T
= 160
<
2
T
S
o 120
= e——
$E
= 80
z 2
o
f=4
=
QL 40
©
=]
=)
Y] 0

and 60 degrees).

0 10 20 30 40 50 60
Object Position Angle (Degree)

@ Total Sinusoidal Cycle

Figure 18: The global entropy generation rate for sinusoidal flow with a frequency equal to 1 Hz throughout the
whole sinusoidal cycle at a maximum velocity of 9.5 m/s for various rotation angles (0, 10, 20, 30, 40, 50, and

60 degrees).
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Figures (19) and (20) showed the global entropy generation rate for various incoming oscillating
flow frequencies. Similar to the influence of the angle of rotation, the entropy generation is directly
impacted by the various incoming oscillatory flow frequencies. It can demonstrate that a drop in the
global entropy generation rate coincides with a drop in flow frequency. In all compression and suction
cycles, it was greater than the value at 2 Hz, with the exception of the value at 1 Hz.
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Figure 19: The global entropy production rate for compression and suction cycles at zero degree of rotation and
maximum velocity (about 9.5 m/s) at various incoming oscillating flow frequencies (2, 1, 0.5, 0.25, and 0.167

Hz).
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Figure 20: The global entropy generation rate for different incoming oscillating flow frequency (2, 1, 0.5, 0.25,
and 0.167 Hz) for the total sinusoidal cycle.
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5. CONCLUSIONS

In order to better understand how the object rotation angle influences the flow characteristics around
the cylinder and the resulting induced hydrodynamic forces, as well as the frequency of the incoming
flow, the amplitude of axial velocity, frequency, and object shape, this paper examines two-dimensional
incompressible unsteady flow simulations of a square cylinder under sinusoidal flow boundary
conditions. According to the results, a high flow frequency results in a high-pressure coefficient. At a
rotation angle of 10 degrees, the lift and drag coefficients are at their lowest, while at 30 degrees, they
reach their maximum. The outcome also shows that the total rate of entropy formation in the flow around
a square cylinder is fundamentally influenced by the object rotation angle and the incoming flow
frequency. where a rotation angle of 10 degrees and a flow frequency of 0.167 Hz caused the lowest
value to accumulate.
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