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1. Abstract

In many countries, sea wave energy is becoming more widely recognized as a significant and
hopeful resource. The objective of this research is to evaluate the impact of alterations in buoy
shape on the efficacy of the wave model by utilizing Computational Fluid Dynamics (CFD) to
assess modifications in the buoy's dynamic behavior. The buoy's behavior is simulated using
ANSYS Fluent, the volume of fluid approach, the open channel flow module, and 5th order Stokes
wave models. To further investigate the wave sensitivity in challenging circumstances, Stokes
waves were applied in the shallow domain at high wave steepness. The wvalidation process
consisted of a comparative analysis between the practical and mathematical results. The outcomes
of a numerical fluid dynamical computation were compared, and laboratory observations were
modified. For various configurations of underwater buoyancy, the drag and lift characteristics of
numerical results were analyzed. The aim of this study was to identify the optimum buoy shape.
The selection of this shape was based on several factors, of which the most significant were the
least entropy, as well as the maximum lift and drag coefficient. Ideal shape was determined to be a
spherical shape (shape B).
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2. Introduction
The energy crisis and environmental degradation have gotten worse recently as a result of
traditional energy sources’ unreliability and detrimental effects on our daily life. Due to their
sustainability and environmental friendliness, renewable energies like solar, wind, and ocean
energy have thus been employed as an alternative to conventional energy (Jacobson, 2015).
Studies have shown that ocean waves are denser than the sun and wind (Falnes, 2007). Around 2-
terawatt worth of wave energy is commercially viable, which is sufficient to provide the entire
world's energy needs in 2008(Gunn, 2012). GIRARDS created the first wave energy device in
1799 (Falcdo, 2010). Three categories of wave energy converters—point absorbers, attenuators,
and terminator—can be distinguished (Drew, 2016). One of the finest choices for ocean devices in
the wave energy sectors 1s the floating point absorber (B. Le1, 2017). The majority of the time,
forces between two bodies act to extract wave energy from wave energy converters (Viet,2016).
Flexible polyvinylidene fluoride (PVDF) was used by Taylor et al. to (2001) develop an eel-like
device that transforms mechanical energy from flowing river or ocean water. By leaving a
predictable path of travelling vortices, the device stresses the piezoelectric components for the
generation of electrical power (George, 2001). Optimisation should lower manufacturing costs for
the majority of wave energy converter (WEC) systems currently in the precommercial stage. The
progress and responsiveness of the launch mechanism, particularly the travel of the buoy across a
predetermined route, have an impact on the WEC’s efficiency (Aderinto, 2019). According to Viet,
(2016) for the converters to successfully absorb energy, absorber floats are required. The buoy’s
size, shape, and wave incidence features affect how it moves in waves. In a separate experiment,
Pastor (2014) looked at the behavior of different buoys during the same wave excitations to
maximize the energy. Although their masses varied, the identical twin boys had the same radius.
In their study, Amiri and Radfar examined how well four buoy versions with various radii and the
same mass absorbed wave energy (Amiri, 2016). De Backer (2010) used a separate method to
determine the mass of the buoys. According to its mass, the amount of water it is in, the
gravitational force it is subjected to, and its hydrodynamic properties, the floating body moves
according to the motion equations of the drifting body. Due to the variations in the ambient
conditions, wave height characteristics, and buoy sizes, it is difficult to compare the researcher’s
results. Giorgi (2016) discovered that cylindrical buoys had significantly higher simulation forces
than spherical buoys (Giorgi, 2016). The buoys were the same size and depth. Lopez (2017) study
buoys n both periodic and erratic waves. The forms of the floating component were cylindrical,
reversed conical, and had slightly bent ends. In order to increase productivity, it had a spherical
underwater body. Mahdi (2019) investigated several diameters and droughts for the region of Rio
de Janeiro. By relating experimental findings to RAWSs based on simulation and the energy intake
of a cylindrical-hemispherical buoy (Mahdi ,2019). Hulme (1981) created the swinging instrument
using his knowledge of how water molecules move in waves. The device’s capture width ratio was
raised by improving the pendulum WEC. Wave energy i1s made up of kinetic and potential energy.
The buoy’s hydrodynamic efficiency will be improved if its heaving and pitching motions are used
effectively (Hulme, 1981). Models must be evaluated to fully understand the fluid/structure
relationship that affects the offshore construction. Unavoidably, testing will take place in a small
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scale in the lab before being done in real seawater. However, the development of simulation
programs has made it easier to do quick research. That is, if the mathematical model utilized
accurately simulates the actual environment. (Finnegan, 2012). Numerical wave tanks (NWTs) are
the names given to the numerical models that imitate wave tanks. Numerous numerical techniques
are used to build NWTs. A wave is created in a NWT at the input border and is dampened close to
the output limit. Kim et al., (2001) mathematically simulated 3-D nonlinear waves with several
directions that use the fixed-difference approach. Using a numerical wave maker, the waves were
produced by setting the speed of water molecules to the wave maker hmits (Kim et al, 2001) To
investigate the impact of an irregular waveform, Koo and Kim (2004) enhanced the procedure to
incorporate fluid structure interactions (Koo and Kim, 2004) .Sun and Faltinsen (2006) modeled a
two-dimensional simulated bowl to model the effects of buoy on an open surface (Sun and
Faltinsen, 2006) .An irregular wave bowl was modeled using complex equations by { Ning et
al,2007). YOU and LIU (2011) modeled irregular wave behavior. As an example of wave-body
interaction, they looked at fluid motion inside a sphere (YOU and LIU .2011). Wu and Hu (2004)
simulated the unsteady relationship among water and buoys mathematically (Wu and Hu, 2004).
Angeliki (2023) has studied that the buoy’s dynamic behavior, ability to absorb energy, and
capacity to convert wave kinetic energy into direct and indirect electrical energy depend gently on
the shape and the material selection (Angeliki, 2023). Jessice’s (2022) investigation includes an
analysis of wave energy’s current state development, methods and technology for utilizing it,
effects on the environment and benefits and drawbacks of using it (Jessice’s,2022). Studies
comparing forces on the fixed structure to the measurement of the free surface height are likewise
limited, particularly in the shallows. When constructed to the costly experimental setup, the CFD
would be a more realistic output. To further explore the effect of wave shape on wave energy
devices, ANSYS Fluent was used in this article to perform CFD analysis. This analysis allowed
researchers to investigate how waves interact with structures and how arrays of different types of
devices are affected by the waves. The study compared numerical findings to experiments and
reviewed the validation method used for accuracy. The results of this research were applied to
various underwater buoys to determine the effectiveness of different wave energy devices.
Additionally, this research has opened up the possibility for further development in wave energy
technologies, as well as other potential applications for CFD analysis.

3. Methodology
The creation of numerical models and running of simulations were done using ANSYS Fluent. By

contrasting the numerical results with those from the trials by obtaining the free surface level at
two locations in the wave tank with the same parameters as Bhinder’s (2009) simulation of the
wave tank was approved before modelling the point absorber. After validation, altering buoy’s
shape signaled the beginning of the wave simulation of the point absorber. The dimensions were
utilized to calculate the lift and drag coefficients in the second stage of the simulation. Conical,
spherical, and other buoy shapes are considered. Pressure, velocity magnitude, entropy and lift and
drag coefficients were computed. To get the most energy and experience the fewest losses, the
optimum design was chosen.
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3.1 Validation

The validation process was separated to 3 phases:

(1) The geometry, which dictated the model’s actual size.

(2) The mesh configuration, which was created and refined to measure the free surface height.

(3) The physical setup, which determined the evaluation, region configuration, water depth, and

other fluids mteraction charactenstics,

3.1.1 Geometry Setup

The wave tank that was used for the experimental study was 35 m, 2.5 m, and 1.5 m. The tank was
equipped with multi-element regular 2D wave generation equipment. The tank was designed
considering the wave-damping zone to minimize the reflection. The tank was filled was one fluid,
its properties are shown in Table (1).

Table 1: properties of fluid

K (W/m. K) 0.597
p(kg/m3) 1000
T(°C) 20
Q (J’kg K) 4182
1 (kg/m. s) 0.001

Waves can be formed in diverse ways resulting in waves with different characteristics, different
heights, lengths, and periods Fig (1). These variables must be determined in for the complicated
sea state to be characterized by the energy spectrum. The wave characteristics are shown in Table

(2)

h=2a h ;‘.,"f. 1/7

A= 2wk

* ais wave amplitude, h = 2a
« 4is wavelength, 2 = 2x/k where k is wave number
* hiswave height

Fig (1) Wave Characteristics
Table 2: wave value

Wave height 0.3m
Period Time 42s
Water Depth 1.5m

Ain Journal No. 46 July 2023




B Ain Journal

3.1.2 Mesh Setup
Mesh generation is a critical component of computational fluid dynamic modeling. The domain is
shown in Fig (2). The mesh structure was modified to reduce the problem time significantly.
Different mesh configurations were tested and the optimum mesh was selected (Bhinder et al.,
2009). The size of mesh was 600000 and the size function was selected to be curvature as
illustrated in Fig (3).

> Wall
—_— [
R
S— .
= bl
—_— —
I b
—_— —
— -
Inlet Outl
— . et
Fluid (Water Body)
. b
R -
— —
B —
B i
—_— -
— - S—
o >
Wall

Fig (2) Fluid Domain

Fig (3) Mesh Structure in the Wave Tank
3.1.3 Physics Setup
The finite volume techmique is the strategy used in ANSY'S Fluent to solve the problem. The target
region is divided into smaller regions by using this technique. The simulation was carried out
while second-order monotonicity-preserving momentum and continuity equations were iteratively

solved across each sub-region. As a result, an approximate value for each variable is obtained at
various places within the domain (Malalasekera et al., 2007).
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One of the equations that can be simulated by ANSYS is represented as,

dp  dpu, dpu,
ot ax T Ay =0 (1)

And Navier-stokes equations, which are given as,

Ouy 4 O 0w 3 uy , 8 (‘f’ﬂ ‘f’ﬂ)
p(ar+uax+vay_ Bx+2'uﬂx"‘-+ﬂ_}-'('u ay | ox +h )
i, s du; __ dp %, a (ﬁi Elﬁ) - -
PG Tug Yy = ay+2“ayz+ax(“ oy | ox pg +F 3)
Where,
p | Pressure t | lime X Horizontal Distance

u; | Horizontal Flow Velocity | vz | Vertical Flow Velocity | vy Vertical Height

Fy | Horizontal Force F5 | Vertical Force u Viscosity

Since the RNG turbulence model was extremely precise and dependable provided by the software,
it was used for all simulations. Swirling’s impact on turbulence in the RNG model, clarity in
whirling flows.

%(pk) + j—i(pkui) = %[(akufﬁ)j_ﬂ + G, — pe @
G3e = Gae + o) ©
) 1+f8n?
- % (7)
Where,
G Kinetic Energy Generation

Gy Gap Model Constants

k Turbulence Kinetic Energy

£ Rate Of Dissipation.

An explicit solution differed from an implicit solution in that an explicit solution was solved
gradually by stepping through time at each computing cell, but the time step in an implicit solution
was confined to fulfil requirement for stability. However, using information from a previous time
step, an implicit solution was solved in each timestep, which calls for more intricate iterations
without imposing time step restrictions.
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The Split Lagrangian approach was utilized in the Numeric tab's volume of fluids (VOF) addictive
section because it produced lower cumulative volute error than other methods provided by ANSYS
Fluent.

The boundary conditions are illustrated in Fig (4). The model was developed using fifth-order
Stokes wave theory (Bhinder et al., 2009) based on the specifications of the simulated wave.

! atmosphere
'
inlet let
=i
____._'J._,-- ——————————————— -
frontAndBack - #:.‘ bott

Fig (4) Boundary Conditions

The Fluent segregated solver was applied in these computations. It takes several rounds of solution
loops before convergence is attained because the governing equations are nonlinear. The schemes
were referred to as the pressure-based segregated algorithm as PISO was recommended for
transient calculations.

3.2 Buoy Modelling

This study recommends creating a similar setting in to compare the behaviors of several buoys in
waves. There are four different types of buoy shapes considered; conical and spherical, and odd
buoys. Fig (5). To understand The results of these adjustments on the effectiveness of the wave
energy model, the CFD is used to assess changes in the buoy’s hydrodynamic characteristics
brought on by changes in buoy shape. The radius chosen in this study, 0.1 m was simulated to
determine the drag and lift coefficients.

For = %pﬂuxﬂum+ pCpxAuw (%)
Fy = 5 pCoyBw\[(u? + W2) + pCuyyAw: 9)
Where,
Fy | Horizontal Force Cpy | Horizontal Drag Coefficient
D | Depth u Horizontal Velocity
p | Denisty Cyx | Horizontal Inertia Coefficient
A | Area w | Horizontal Acceleration
F, | Vertical Force Cpy | Vertical Drag Coefficient
B Width w | Vertical Velocity
Cpy | Vertical Inertia Coefficient w' | Vertical Acceleration
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Entropy minimization is the primary branch in the design of energy systems. It is the most efficient
method of calculating missing energy and work destruction. As a result, much attention has been
focused on the topic of entropy development due to heat and mass transmission. Strain-originated
breakdown and thermal loss, which represent the creastion of viscous and thermal entropy,
respectively, are the two factors in fluid flow (landoli, 2005). The creation of entropy can be
represented as (Shehata, 2016).

SELTL_S‘-"_Sﬂu (l{”

The local viscous irreversibiliities is expressed as,

_H
Sy=9 (11)
@ -- the viscous dissipation term that can be written as,

— P2, (Bvioq  du B
0=[GH*+ G+ G+ D (12)
So the entropy generation can be expressed as:
So=[[ Sydydx (13)

a)

Fig (5) Buoy Shapes

4. Results and discussion

For Euler equations as well as additional scalars like turbulence, the integral equations were fluidly
solved. Using a computational grid and a control volume-based approach, the domain was split
into discrete volume controlled. The governing equations were included into the structure to
produce mathematical formulation for small variables.

10
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4.1 Validation
A linear wave was modeled using the same parameters as Bhinders et al., (2009) study to produce
a relation between free surface height and the number of seconds, which the three highest peak
values from each case were compared, it was discovered that the difference was less than 10 %,
Table (3). This small discrepancy results from other settings which were not mentioned clearly in

the study.
Table (3) difference of results for surface elevations bet model & simulation
Free surface elevation from Free surface elevation
Distance (m) | Highest ‘peak the baseline model from simulation results
First Peak 0.18 0.17
2.1 Second Peak 0.19 0.18
Third Peak 0185 0175
First Peak 0.155 0.155
Second Peak 0.155 0.145
- Third Peak 0.145 0.14

4.2 Buoy Results

The lift and drag coefficients of the various buoy forms were calculated using a CFD software
program (Fluent). Fluid estimates the computer simulation’s fluid dynamic properties. Fluid
dynamic software was used to create a mesh around the geometrical model of the buoy and start
the calculations. After many rounds of iterations, the simulation achieved its conclusion. The result
of the simulation depends on the starting boundary conditions, the size of the grid, and the flow
conditions estimated at each node in the mesh.

4.2.1 Pressure

The pressure was the first variable studied by fixing the radius and mass of the four buoys. It can
be observed that the flow from the inlet moves toward the outlet of the tank. Contours were
obtained at each buoy shape and compared to other shapes. A graph was also created to show how
pressure changed in the axial direction. The resulting profile is shown in Fig (6), while Fig (7)
illustrates the pressure distribution over the distance.

11
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Fig (7) Pressure Distribution

4.2.2 Velocity Magnitude

By keeping the buoy’s size and weight constant, the contours illustrate how the buoy’s shape
affects its average velocity. The average velocity was selected based on the environmental
conditions as Bhinder et al., (2009) mentioned. The initialization was computed from the inlet and
traveled toward the tank’s outlet. It was useful to view the vector and contour plots individually.
While the vector plots provided a better indication of the fluid’s flow direction as shown in Fig (8),
the contours provided a better representation of the velocity magnitude for each buoy shape as
shown in Fig (9).

12
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Fig (8) Velocity Contour
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Fig (9) Velocity Distribution
4.2.3 Entropy
Entropy can potentially affect buoys in several ways, depending on the context and specific factors
involved like wave action, corrosion, and thermal expansion. Wave action can affect buoys as the
movement of water is a manifestation of energy, and the more chaotic the motion, the higher the
entropy. Therefore, in areas with high wave energy, buoys may experience more wear and tear due
to the increased forces acting on them. Buoys are typically exposed to seawater and atmospheric

13
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conditions, which can lead to corrosion of the buoy's metal components. Corrosion is a naturally
occurring process that involves the breaking down of metals into their constituent ions, and it is
driven by thermodynamic principles, including entropy. Specifically, corrosion tends to occur in
environments where there is a high degree of disorder and randomness, which is reflected in the
higher entropy of the system. Moreover, buoy materials are often subject to thermal expansion due
to changing temperatures. Thermal expansion 1s a mamifestation of increased molecular activity
that occurs at higher temperatures, resulting in an increase in entropy. As a result of this thermal
expansion process, buoys can experience changes in shape or size which may have a direct effect
on their performance or longevity. Additionally, these changes may cause metal fatigue or other
structural stresses that can reduce a buoy’s resistance to wave motion Or corrosion over time.
Overall, entropy can have a range of effects on buoys depending on the specific circumstances and
mechanisms ivolved. However, it 1s important to note that buoys are designed and engineered to
withstand the harsh conditions of the marine environment; factors such as corrosion and thermal
expansion are generally considered in their design and maintenance to ensure their longevity and
performance over time. Fig (10) shows the evaluation of entropy distribution in the fluid flow
direction for the four shapes.

70
&0
= a0
e,
= 40
&
o 30
S 20
10
0
Shape A Shape B Shape C Shape D
m Compression 41.13 45,23 50.66 45.14
Suction 44,25 61.24 55.6 47.5
W Average 42.69 53,735 53.13 46,32
Fig (10) Entropy Distribution
4.2.4 Lilt CoelTicient

The lift force coefficient is affected by the Reynolds number, the amplitude ratio, and the
amplitude ratio, and the lowered velocity. The lift coefficient is the factor that engineers use to
represent all the complicated dependencies of shape, inclination, and other conditions. The lift
coefficient results from the heave and pitch oscillations are presented in Fig (11).

14
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Fig (11) Lift Coefficient
4.2.5 Drag Coefficient
The buoy's shape, the flow's Reynolds number, and the surface's roughness are only a few of the
variables that affect the drag coefficient. Along with intricate buoy dependencies, the drag
coefficient also takes fluid viscosity and compressibility into account. Figure (12) displays the drag
coefficient for four different forms.

500
400
300
200

100

Drag Coefficient

-100

1 101 201 301 401 501 601 Fo1 801 901

Iteration

Shape . ==== Shape B —-«-—3%hape D

Fig (12) Drag Coefficient

In conclusion, the ANSYS Fluent simulation findings had been effectively validated by
comparison to the study conducted by Bhinder et al. (2009) It was determined that there was a less
than 10% variation in the findings between the simulation and validation source, which 15 suitable.

This study suggested creating comparable settings to compare the ways in which different buoys
behave in waves. Conical, spherical, and odd buoy shapes are taken into consideration. The buoy’s
motion in the wave is influenced by its size, shape, and wave characteristics. This study
investigated how different buoy shapes with constant radius and mass behaved in waves. Contours
showed the velocity and pressure around the four buoys. The drag and lift coefficients were
intended. The selection of the optimum buoy shape was a complex process that involved several

15
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factors. The primary factors considered in the selection process were the least entropy, maximum
lift coefficient and drag coefficient. After careful consideration of the various options, it was
determined that the optimum buoy shape was a spherical shape (shape B). This shape was
determined to be the best option due to its ability to provide maximum lift and drag coefficients
while still maintaining a low entropy value. The results of this study are beneficial in helping to
identify optimal buoy shapes for various applications. The lift and drag coefficients are key
considerations in determining the buoyancy of an object in a fluid environment such as water.
Additionally, the entropy factor 1s important as it releases how much energy 1s missing by moving
the buoy. By selecting shape B, it was possible to maximize the energy waste and ensure that the
buoy would provide an optimal performance.
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