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Highlights
» Numerical wave generated using Ansys VOF model.
« Six-dof rotation of the turbine with the effect of the wave.
« Observation of the dynamic parameters acting on the turbine depending on the different wave forms.

Article Info Abstract

In this investigation, the utilization of water waves as the fluid medium is explored in the context
Received: 10 Aug 2022 of turbines, which are mechanical devices that convert fluid motion into rotational motion. The
Accepted: 24 Apr 2023 Volume of Fluid (VOF) model in Ansys Fluent is employed to generate regular waves and analyze

the turbine's movement in a wave tank. Essential parameters such as force, pressure, momentum,
and speed of the turbine are investigated to harvest electrical energy from wave energy. The study

Keywords aimed to understand how these parameters changed with varying wave characteristics. Results
Wave energy showed that dynamic pressure and moment increase as the wavelength increased. However, the
Dynamic mesh turbine's rotation speed decrease as wavelength increased. The force acting on the blades do not
VoF method change significantly with wavelength but caused a time delay. The highest force applied to the
Rotating turbine turbine blades is observed at a wave height of 2 m, reaching 8000 N. Finally, the maximum turbine

speed is attained at a wave height of 2 m and wave period of 7 s, reaching 87 mm/s. However,
the maximum efficiency of 19.18% is achieved at a wave height of 1m and a wave period of 8.75
seconds. Because as the wave height increases, the power of the wave increases significantly, but
the absorption of this power increases at a lower rate. Therefore, this study highlights the need to
increase the number of wave energy conversion systems that can operate efficiently for wave
forms with high wave heights.

1. INTRODUCTION

Fossil fuels are depleting rapidly due to developing technology, climate change, global warming and
population growth. An estimated 90% of energy needs in the world are obtained from fossil fuels.
Therefore, the demand for renewable energy increase day by day. Wave, wind, solar, geothermal and
hydraulic energy resources are widely used renewable energy sources. Wave energy has a very high energy
potential. The efficiency of wave energy converter systems varies between 10% and 40% depending on the
wave parameters [1] Wave power plants have high establishment and operation cost [2]. For Wave Energy
Converter systems(WECS)., wave parameters are critical. Therefore, in this study, the effects of wave
parameters on the turbine were investigated numerically. In the studies, the similarity of the experimentally
obtained waves with the Ansys VOF model has been confirmed. For this reason, regular waves are obtained
by using the Ansys VOF model in this study.

Studies on simulating ocean waves have increased recently. Because the experimental WEC model requires
a high installation cost. Wave models in nature cannot be expressed mathematically. However, an attempt
has been made to define waveforms with various approaches in order to use them in calculations. All waves
in a wave group must conform to the mathematically expressed form of the wave equation. In any case, this
dependency depends on the boundary conditions. These boundary conditions can be defined as linear or
nonlinear. Zhi and Zhan [3] are modeled the cnoidal wave model, which is a nonlinear wave model, using
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the ansys VOF package. Finnegan and Goggins [4] are modeled the linear wave model in ANSYS.. Zhu et
al. [5] used Reynolds-Averaged Navier Stokes(RANS) equations in NWT modeling. In addition, the
momentum source is added as User Defined Functions (UDF) to create regions under the effect of different
motions and forces in the simulation. The breakwater's response to generated waves is studied both
mathematically and empirically. A kinematic analysis of the extreme wave model utilizing RANS is studied
by Oijeh et al. [6] With the use of RANS and VoF simulations, they generate both regular and irregular
waves on the sea's surface.

Flap type [7, 8] and piston type [9, 10] wave makers are commonly used to create waves. Yamac and Koca
[11] have moved the wall using UDF in Ansys in order to generate waves. The waves created by these
methods can be reflected back if the wave tank is not long enough. Yamag and Koca [12] modeled a wave
tank with a length of 400 m for the 9s period and 111.4 m for the 6s wave period to avoid back reflection.
This increases the size of the mesh in the wave tank. This causes a significant increase in the computation
time. Liu et al. [13] apply the porous structure to the wall opposite the wavemaker so that the waves do not
reflect from the end of the tank. However, in this study, Ansys beach module is actively used to avoid
reflection of the wave.

Using NWT analysis, Bhinder et al. [14] looked into the impact of fluid forces on WECs systems. An
analysis is done on the relationship between system efficiency and the forces exerted on the system. Yamac
and Koca [15] studied the water rise in the OWC due to the wave in the NWT. The results show that the
water rises even in the 8 m high wave tank. Koca et al. [16] studied the increase in elevation in the OWC
using an inclined wave tank. It has been stated that the decrease in the ratio of the tank length to the sloped
floor projection increases the output power. Anbarsooz et al. [17] modeled the two-dimensional wave tank
with the VOF technique using Ansys Fluent 15.0. The Oscillating Water Column (OWC) WEC is
investigated using the wave tank. In the simulations, the H / L ratio was fixed at 0.069. H is the wave height,
and L gives the wavelength. The results showed that the increase in wave height reduces the wave
absorption performance of OWC. Gomes et al. [18] optimized OWC’s geometric parameters using the two-
dimensional wave tank in Ansys Fluent. The mass flow rate, pressure, power and efficiency values are
observed in the height to length ratio of OWC (H / L). In the results, the maximum efficiency (40%) is
obtained by fixing the H / L ratio to 0.13. Therefore, in this study, the H/L ratio is taken as 0.13. Morris et
al. [19] modeled turbine designs used for underwater flow in Ansys Fluent. Turbines are deformed with the
effect of hydrodynamic forces underwater. In their study, shaft power, blade tip displacement and
displacement by axial thrust are investigated for 2, 3 and 4 blade rotor configurations. Deformation of 2, 3
and 4 blade rotors are reduced based on solid-liquid interaction model data. For this reason, in this study,
the forces acting on a turbine fixed axially on the water are investigated. It would be appropriate to use this
turbine for systems that have low deformation rate and can generate electricity continuously, as a result of
fixing this turbine to floating vehicles such as ships. Sarma et al. [20] experimentally and numerically study
the performance of the savonius rotor in the wave tank. The study gives water velocity between 0.3 and 0.9
m / sec. The savonius rotor used in the wave tank provided a more stable rotation and is expected to have
a longer life. In this study, only the speed of the savanius rotor is considered. However, for the electrical
energy it can produce. The dynamic effects are examined. Kumar et al. [21] investigated the effect of
blade angle and blade shape factor of savonius rotor on power factor. The water speed in the channel is
given between 0.5 and 2 m / sec. The blade shape factor is the blade length ratio to the diameter of the
blade curvature (p / q). 4 different values between 0 and 0.6 are taken as the blade shape factor. 4 different
values between 110 © and 150 © are taken for the blade angle. In the results, the maximum power factor in
water with a velocity of 2 m/ s is obtained as 0.426. The result is obtained with a blade shape factor of 0.6
at a blade angle of 150 °. Elbatran et al. [22] placed the savonius rotor in an extended channel for low speed
regions. In this study, channels with 6 different geometric shapes are tested. In the results, it is observed
that this channel increased the maximum power factor by 78%. For lakes and waterways, this approach
works well. A turbine is typically used to harness the flow created by tidal events in the ocean. However,
the efficiency of the turbines decreases as the flow direction changes. Therefore, Bai et al. [23] proposed a
three turbine approach with a triangular position. In the study, the angle of this triangular structure and the
distance between the turbines are changed, and the most suitable structure is determined numerically. The
power output is obtained from this suitable value design increased 6% compared to the uniform turbine. In
addition, the effect of the change in the flow direction decreased compared to a uniform turbine structure.
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In this study, the 3D wave tank is modeled in Ansys Fluent, and the motion of the turbine in the wave tank
is investigated. The turbine's force, moment and dynamic pressure values are examined depending on the
wave parameter. The remainder of the paper is organized as follows: Section 2 introduces problem
formulation and boundary conditions in Ansys Fluent. This section presents the mesh structure and
waveforms from the wave tank. Section 3 investigates moment, force, dynamic pressure and turbine speed
on the turbine. Finally, conclusions are summarized in section 4.

2. MATERIAL AND METHODS

This section involves the creation of an NWT model using the ANSYS program to simulate real waves.
Furthermore, the study investigates the dynamic impact of water waves on a turbine by placing the turbine
on the water surface.

2.1. Governing Equations and Boundary Conditions

The focus of this study is on the simulation of regular gravitational waves, which are surface waves
characterized by two primary parameters: wave height and wave period. Two different theories are used to
explain gravitational waves. Linear Wave Theory is used for waves with small amplitudes and lengths,
whereas the quadratic Nonlinear Stokes equation is employed for waves with high amplitudes and long
wavelengths.

As per McCornick's findings [24], the waves that form on the free surface of the water are in a state of
equilibrium. When an object is dropped into a tank of water, an irregularity occurs, which leads to the
formation of surface waves. However, due to the force of gravity, the water tends to return to its natural
state of equilibrium, thereby creating what are referred to as gravitational waves. In contrast, Dean and
Darlymple posit that waves come in various shapes and sizes, depending on factors such as wind direction
and forces acting on the water [25].

The parameters characterizing a simple wave can be described by Equation (1). The variables "H" and "h"
respectively represent the water depth and wave height, "L" denotes the wavelength, "g" represents the
acceleration due to gravity, "A" stands for the wave amplitude, and "T" denotes the wave period [12]
2
2T L
The power of a wave can be determined using Equation (2). On the other hand, Equation (3) provides the
mechanical power of a turbine, where, "T," is torque value and "W" is turbine velocity

2
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The development of waves is influenced by both linear and non-linear factors, which are dependent on the
boundary conditions and physical environment. Gravitational waves are subject to three distinct boundary
conditions, as noted in [12].

The kinematic water surface boundary condition stipulates that the fluid cannot be detached from the free
surface of the water. Moreover, the normal fluid velocity at each point on the water surface is equivalent to
the normal velocity of the surface. This condition is represented by Equation (4), where "Z = 1" denotes
that the particle velocity is equal to the normal velocity of the water surface

7] 7]
Vlg=p = Sk = 52|z = Ok, (4)



267 Perihan KARAKOSE, Ahmet KOCA / GU J Sci, 37(1): 264-282 (2024)

"@" is the potential function, "ky" i the average unit vector, "V" is the velocity.

The dynamic water surface boundary condition dictates that a water particle on the surface of the water
follows circular or elliptical trajectories based on the water depth during vertical displacement indicated by
the variable "n." The pressure at the surface of the water must be zero at any given position "x" and time
"t." This condition is incorporated into Equation (5) by applying the Bernoulli equation to the surface of
the water

99 1yz _ 5
at+gn+2V =0. (5)
In the case of waves, the fluid motion is continuous, allowing the continuity equation to be utilized. In
situations where the flow is irregular, its velocity can be expressed as a potential function. Equation (6)
represents the continuity equation

V2 = 0. (6)
The velocity satisfying the boundary conditions is given in Equation (7)

_ aG cosh [k(z + h)] (7)
=W cosh [(kh)] + sec (kx — wt)

"w'" is wave frequency, "k" is wave number, "t" is time. "w =2 / T" is "k = 2z / L". The mathematical
formula for the velocity components is obtained from Equations (8)- (9)

_ 0¢ _ agk cosh [k(z+h)] _ (8)
U=%x = "W “cosh(kh) + cos (Jex —wt)

0 d¢ _ agksech[k(z + h)] 9)

9z w  cosh [(kh)]

+ sec(kx — wt).

In the context of surface waves, the velocity component in the horizontal (x) direction is denoted by "u,"
while the velocity component in the vertical (z) direction is denoted by "w." The equation that defines the
motion of the surface is shown in Equation (10)

n = Acos(kx — wt). (10)

Stokes' theory describes wave motion properties as a series of minor irregularities that depend on the
wave velocity potential [25]. Both Linear Wave Theory and Stokes' Theory can be applied to deep waters
and high wavelengths. The velocity potentials, as given in Equation (11), are expressed in the Stokes
equation as power series

© =€p,+ €%, + 3¢5 ... (11)

"e" is the power series variable. The solution with the first-order term "1" represents the linear theory. The
expansion of the second term "@>" represents the Stokes quadratic equation.

The orbital movements of waves are characterized by a non-linear structure, as they do not conform to a
closed cycle. The behavior of waves is further influenced by ocean currents, which create mass transfer in
the direction of the waveform, adding to its non-linear nature. The motion of the free surface can be
described using the Stokes quadratic equation, as shown in Equation (12) [24, 25]. The velocity components
are expressed in Equations (13) - (14), where "Z" represents the displacement of the free water surface with
respect to the sea bed
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2
n = Acos(kx — wt) + -+ % [2 + cosh(2kh)]cos2(kx — wt) (12)
_ cosh[k(z+h)] _ 2 cosh2k(k+z) _ (13)
u = Agk ~weosh(Kh) cos(kx —wt) + A°wk Tsect(kh) cos2(kx — wt)
_ sech[k(z+h)] _ 2 sech2k(k+2z) _ (14)
w = Agk—wsech(kh) sec(kx — wt) + A“wk ~cost (kD) sec2(kx — wt) .

Open channel wave boundary conditions are used in the marine industry to generate regular/irregular waves
necessary to analyze wave kinematics and wave impact loads on moving hulls and offshore structures.
Small amplitude wave theories are generally applicable for low wave steepness and low relative height.
However, finite-amplitude wave theories are more suitable for high wave steepness or high relative height.
Wave steepness is generally defined as the ratio of wave height to wavelength and relative height as the
ratio of wave height to water depth. Short gravitational wave expressions for each wave theory are
expressed in infinite fluid height, shallow or transitional wave expressions are expressed in finite fluid
height. The wavenumber Kk is given in Equation (15). A represents the wavelength

_2rm 15
k== (15)
The equation for wave velocity is shown in Equation (16), where 'c' represents the velocity of the wave.

The frequency of the wave is denoted by 'W'. In Ansys Fluent, the calculation of wave velocity depends on
the defined wavelength and wave height in the system

== (16)

2.2. Computational Domain and Mesh Structure

The VOF method is commonly used in time-dependent solutions in the Ansys Fluent package to model
multiple incompressible fluids. It involves defining a volume fraction variable for each phase in
computational cells, with different values assigned in different regions for each phase. Properties and
variables in the cells are represented as a single-phase or mixture.

In this study, a three-dimensional wave tank simulation was conducted using the Fluent module, with half
of the cubic geometry defined as the air phase and the other half as the water phase. The turbine was
positioned on the water phase, and waves were generated using the Volume of Fluid method. Wave height
and wavelength were introduced to the system using the VoF module in Fluent. An isometric view of the
turbine positioned in the wave tank is shown in Figure 1. (a), with the wave tank having dimensions of 36
*20*2m.

Regular waves were obtained in the simulation with high wave heights, and it was determined that water
depth plays an important role in regular wave simulation. Therefore, a water depth of 18 m was chosen,
and the top 18 m of the wave tank was defined as the air phase. The beach module in Ansys was activated
to prevent wave reflection, and a cavity was placed at the front and back of the turbine to prevent friction.
The dimensions of the turbine are given in m in Figure 1. (b).
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Figure 1. Turbine in the wave tank a) Isometric view of wave tank b) Dimensions of turbine

Figure 2 shows the finite volume mesh structure used in this study. The mesh contains a total of 156974
nodes and 880781 elements.

30,000 (m)

22,500

(@) (b)

Figure 2. Mesh structure a) Mesh structure of wave tank b) Mesh structure of the turbine

The dynamic mesh model in Ansys Fluent is capable of modeling the motion of objects in single or
multiphase flows. It automatically updates the volume mesh structure based on the new positions of the
boundaries. ANSYS Fluent offers the use of limit profiles, user-defined functions (UDFs), and six degrees
of freedom solvers for defining motion. Equation (17) represents the convection equation that describes the
boundaries changing in coordinates

d - _ 17)
I pedV + | pp (U —uy)dA = | IV,dA+ | SpdV

where p is water density, (i) is flow velocity, (Gig) is mesh speed in the moving part, s _¢ is diffusion
coefficient, @ is source term.
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The movement of dynamic parts can be defined in three ways: stationary, rigid body, and deforming. In
this study, the front and back planes of the wave tank are deforming, while the turbine is considered a rigid
body. An important aspect of dynamic mesh settings is the updating parameters of the mesh structure, which
can be achieved through layering, remeshing, or smoothing.

Layering is useful for hexahedral mesh structures, where the model is divided into small squares that can
be interchanged with a mesh structure. Remeshing is used for tetrahedral elements and is necessary when
border displacement is large compared to natural cell sizes, which can cause cell quality to deteriorate or
degenerate. If enacted cells are invalid, ANSYS Fluent collects and removes them locally. If new cells or
faces meet the distortion criteria, the mesh structure is updated locally, otherwise new cells are discarded
and old cells are preserved.

Smoothing is used to divide the moving surface mesh according to the velocity profile. In this study,
remeshing and smoothing methods are employed in the dynamic mesh model to achieve turbine motion.
By using these methods, the numerical simulations are expected to achieve reliable results that can be
compared to experimental or analytical data in the literature.

2.3. Wave Models Validation

To ensure the reliability of numerical studies, they are often compared with experimental, analytical, or
previously published results. In this study, the numerical wave elevation is compared with an analytical
sinusoidal wave. Figure 3 presents the comparison between the numerical and analytical wave elevations
at a wave height of 1.5 m and a wavelength of 20 m. Initially, there is some discrepancy between the
analytical and numerical waves. However, after 5 seconds, the error is significantly reduced. Therefore, the
turbine is placed 5 m beyond the breakwater to avoid the initial wave disturbance.

18
—— Numerical

~—— Analytical

Wave Elevation(m)

15

[ 3]
n

30

w
n

0 5 10 15 20
Time (s)

Figure 3. Time-dependent wave elevation for validation

In this study, a numerical wave tank is used with dimensions of 20 m in length and 36 m in height. The
tank is divided in half, with one half being the water phase and the other half being the air phase. The results
are obtained at a location 5 m from the left side of the tank. Wave heights of 1 m, 1.5 m, and 2 m are tested,
along with wavelengths of 20 m, 30 m, and 40 m. Figure 4 displays the water level at wave heights of 0.57
m, 0.85 m, and 1.1 m, showing a regular wave. However, the wave period is observed to be 7 s, 8.75 s, and
10 s, respectively, for each fixed wave height.
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Figure 4. Wave elevation change with time a) Wave Height (H) is 1 m, and wavelengths (L) are 20 m, 30
m and 40 m s b) Wave Height (H) is 1.5 m and wavelengths (L) are 20 m, 30 m and 40 m c) Wave Height
(H) is 2 m, and wavelengths (L) are 20 m, 30 m and 40 m
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3. THE RESEARCH FINDINGS AND DISCUSSIONS
3.1. Wave Models

This study investigates the impact of a water wave on turbines, which are often employed to generate
mechanical motion from fluid motion. Various parameters such as force, momentum, turbine speed, and
dynamic pressure are analyzed on the turbine blades as the wave affects them. The turbine is positioned 1.5
m above the water surface. Figure 5 illustrates the initial position of the wave tank and turbine.

Phase 2 Volume Fraction
Contour 2

1.000e+00
9.000e-01
8.000e-01
7.000e-01
6.000e-01
5.000e-01
4.000e-01
3.000e-01
2.000e-01
1.000e-01
0.000e+00

|

Figure 5. Position of wave tank and turbine at timet =0

In Figure 6, the movement of the turbine under the effect of the wave is shown for a period of 1 second.
The turbine reaches a displacement of approximately 45 degrees at 3 seconds.

(c) (d)
Figure 6. Movement of the turbine in water tank a) t=0 s b) t=1sc¢) t=3sd) t=4s
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The figure (Figure 7) displays the absolute pressure of the water and air phases in the wave tank. The
pressure value reaches its maximum at the lowest point of the water phase, which is 16150 Pa. However,
the pressure decreases as the water mass decreases from the lowest point to the upper point of the wave
tank.

(©) (d)
Figure 7. Absolute pressure change for 3sa)t=0sbh)t=1sc)t=3sd)t=4s

3.2. Investigation of the Effect of Regular Wave Motion on the Turbine

Figure 8 illustrates the variation of moment value over a duration of 10 seconds depending on the wave.
Figure 8. (a) represents the moment values at fixed wavelengths of 20 m, 30 m, and 40 m with a wave
height of 1 m. The figure indicates that the maximum moment value is observed at a wavelength of 20 m
and reaches 1107.88 Nm. As the wavelength increases, the wave period also increases. The period is 7 s
for 20 m wavelength, 8.75 s for 30 m wavelength, and 10 s for 40 m wavelength. The moment value and
waveform change simultaneously with the periods. Hence, the moment value completes one cycle in 7
seconds at a wavelength of 20 m. Consequently, a phase angle occurs in the moment change at 20 m, 30 m,
and 40 m wavelengths. The phase angle is illustrated in Figure 8. (a), (b), and (c). Furthermore, the moment
value in the turbine blades increases with the wave height in Figure 8. (a), (b), and (c).
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Figure 8. Torque value on turbine blades due to time-dependent wave at fixed a) Wave height (H) is 1 m,
and wavelengths (L) are 20 m, 30 m and 40 m b) Wave height (H) is 1.5 m and wavelengths (L) is 20 m,
30 m and 40 m c) Wave height (H) is 2 m, and wavelengths (L) are 20 m, 30 m and 40 m

Figures 9.(a), 9.(b), and 9.(c) show the variation of the moment value of the turbine blades at fixed
wavelengths with different wave heights. The moment value changes in the same period as the wavelength.
Moreover, the moment value increases as the wave height increases in all three wavelengths in the turbine
blades.
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Figure 9. Torque value on turbine blades due to time-dependent wave at fixed wavelength a) Wave
heights (H) are 1 m, 1.5 m and 2 m and wavelength (L) is 20 m b) Wave heights (H) are 1 m, 1.5 mand 2
m and wavelength (L) is 30 m c) Wave heights (H) are 1 m, 1.5 m and 2 m, and wavelength (L) is 40 m

The force value of the wave acting on the turbine blades is presented in Figure 10. Depending on the
direction of the wave force, the turbine forces can be positive or negative. The force value of the turbine
seemed to change in the same wave profile at wave heights of 1 m and 1.5 m, whereas a force of 8000 N
occurs at a wave height of 2 m. At a wave height of 2 m and a wavelength of 30 m, the force value of the
turbine goes to zero during the measurement. The figure presents the average force on the turbine blades,
which becomes zero due to the bidirectional force effect on the turbine blade in this region, despite the
rotational movement caused by the increase in wavelength. The force on the turbine blades remains constant
with wavelength, but a time delay occurs due to the change in period.
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Figure 10. Force value on turbine blades due to time-dependent wave at standing wave height a) Wave
height (H) is 1 m, and wavelengths (L) are 20 m, 30 m and 40 m. b)Wave height (H) is 1.5 m, and
wavelengths (L) are 20 m, 30 m and 40 m. ¢) Wave height (H) is 2 m, and wavelengths (L) are 20 m, 30 m
and40m
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Figure 11 illustrates the change in the force value over time as a function of wave height at a fixed
wavelength. As depicted in Figure 10.a, the wave height increases approximately 8 times at around 0.5 m.
The force value variation in the turbine for a wave height of 2 m and a wavelength of 20 m changes in the
same time step as for wavelengths of 1 m and 1.5 m. However, deformation is observed in 30 m and 40 m
wavelengths due to the strain that occurs in the turbine's rotation, in contrast to other values.
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Figure 11. Force value on turbine blades due to time-dependent wave at fixed wavelength a) Wave
heights (H) are 1 m, 1.5 m and 2 m and wavelength (L) is 20 m b) Wave heights (H) are 1 m, 1.5 m and 2
m and wavelength (L) is 30 m. c) Wave heights (H) are 1 m, 1.5 m and 2 m, and wavelength (L) is 30 m

Figure 12 shows the turbine rotation speed as a function of time for all nine wave types. The results revealed
that the turbine undergoes rotational motion for all wave types. Furthermore, the turbine rotation speed
increases with an increase in wave height. The maximum turbine speed was attained for a wave height of
2 m and a wavelength of 20 m, reaching 87 mm/sec. However, the turbine speed decreased as the
wavelength increased for wave heights of 1 m, 1.5 m, and 2 m.
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Figure 12. The velocity of turbine shaft due to time-dependent wave at standing wave height a) Wave
height (H) is 1 m, and wavelengths (L) are 20 m, 30 m and 40 m. b) Wave height (H) is 1.5 m, and
wavelengths (L) are 20 m, 30 m and 40 m. ¢) Wave height (H) is 2 m, and wavelengths (L) is 20 m, 30 m
and 40 m

Figure 13 displays the dependence of the turbine shaft speed on various wave heights at a fixed wavelength.

The results indicated that the turbine shaft speed increases at the minimum wavelength of 40 m. At a wave
height of 2 m, a speed of 40 mm/sec was achieved.
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Figure 13. The velocity of turbine shaft due to time-dependent wave at fixed wavelength a) Wave heights
(H) are 1 m, 1.5 m and 2 m, and wavelength (L) is 20 m. b) Wave heights (H) are 1 m, 1.5 m and 2 m and
wavelength (L) is 30 m. b) Wave heights (H) are 1 m, 1.5 m and 2 m, and wavelength (L) is 40 m

Figure 14 illustrates the dynamic pressure on the turbine blades as a function of time. Dynamic pressure is
generated due to the fluid velocity. As the wavelength increases, the wave period also increases, resulting
in a decrease in the frequency of the wave. Conversely, low wavelength waves have a higher frequency.
Figure 13 shows that the dynamic pressure is higher at a wavelength of 20 m as the wave period increases.
In Figure 14.(a), the dynamic pressure value approaches 40 Pa at a wavelength of 20 m, and this value is
obtained at 20 Pa for a wavelength of 30 m. However, the pressure drops to 15 Pa at a wavelength of 40 m.
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Figure 14. Dynamic pressure due to time-dependent wave at standing wave height a) Wave height (H) is
1 m, and wavelengths (L) are 20 m, 30 m and 40 m. b) Wave height (H) is 1.5 m, and wavelengths (L) are
20 m, 30 m and 40 m. ¢) Wave height (H) is 2 m, and wavelengths (L) are 20 m, 30 m and 40 m

Figure 15 illustrates the absolute dynamic pressure value of the turbine blades at a fixed wavelength as the
wave height changes. The study found that the highest dynamic pressure value of 557 Pa occurred at a wave
height of 2 m and a wavelength of 20 m. However, a significant decrease was observed in the dynamic
pressure value at a wave height of 1.5 m, which resulted in a dynamic pressure of 126 Pa. At a wave height
of 1 m, the dynamic pressure value dropped even further to 40 Pa. In Figure 14.b, the dynamic pressure
value on the turbine blades was examined for a standing wave height of 30 m. The study found that the
maximum dynamic pressure value of 557 Pa occurred at a wavelength of 20 m, with the maximum dynamic
pressure decreasing to 226 Pa at a wave height of 30 m. Further, at a wave height of 40 m, the dynamic
pressure value dropped to 172 Pa.
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Figure 15. Dynamic pressure due to time-dependent wave at fixed wavelength a) Wave heights (H) are 1
m, 1.5 m and 2 m, and wavelength (L) is 20 m. b) Wave heights (H) are 1 m, 1.5 m and 2 m and
wavelength (L) is 30 m. ¢) Wave heights (H) are 1 m, 1.5 m and 2 m, and wavelength (L) is 40 m.

The turbine plays a vital role in absorbing the wave power, which is calculated using Equations (2), (3) and
provided in Table 1. As the wave height increases, so does the power of the wave, with the maximum power
obtained at a wave height of 1 cm and a wave period of 8.75 s. To absorb the mechanical energy of the
wave, it is critical to maintain continuity in the turbine's rotational motion. However, continuity cannot be
achieved when the wave period is 10 s, resulting in low efficiency. Similarly, a wave height of 2 cm and
wave period of 7 s also result in low efficiency, indicating that as the wave height increases, the turbine's
period must also increase to maintain continuity in the rotational speed.

Table 1. Wave and turbine power depending on the waveform

Wave Height(H) | Wave Period (T) | Po (kW) | P(kW) | Efficiency (Po/P)*100
1 7 0.14 3.34 4.19
1 8.75 0.80 4.17 19.18
1 10 0.05 4.77 1.05
15 7 0.52 7.52 6.91
15 8.75 0.26 9.40 2.76
15 10 0.12 10.74 1.11
2 7 0.10 13.37 0.74
2 8.75 0.60 16.71 3.60
2 10 0.31 19.10 1.62

4. DISCUSSIONS

The study involves modeling a 3D NWT to investigate the impact of waves on turbine motion. Regular
waves of varying heights and wavelengths are generated using the Ansys Fluent VOF model in a wave
tank, resulting in nine different wave types. The study analysis the turbine blade force, momentum, speed,
and dynamic pressure as they vary with wave height and wavelength. The results indicated that both the
dynamic pressure and torque values decreased with higher wavelength and shorter wave period, whereas
turbine speed decreased with higher wavelength. The average force on the turbine blades is affected by the
higher wavelength, and a phase angle occurred depending on the wave period. An increase in wave height
led to higher average dynamic pressure, turbine speed, force, and moment values on the turbine blades.

In the results, although the maximum turbine speed is obtained at a wave height of 2 m and a wave period
of 7 s, the maximum power is obtained in the wave form with a wave height of 1 m and a wave period of
8.75 s because the turbine needs a continuous rotation speed to absorb the power of the wave. In this study,
results are obtained for a single turbine geometry. In future studies, results will be obtained for turbines
with different geometries to determine the appropriate turbine geometry for each wave form.
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