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Abstract: The Sea-wave Slot-cone Generator (SSG) wave-energy device is a type of electric energy
converting structure that converts energy from sea waves, and which is designed and installed based
on wave-overtopping in areas. Most of the previous studies have evaluated SSG systems based
on hypothetical waves, considering the system geometry variations. However, it is important to
consider the real wave conditions. This paper presents the results of a numerical study to investigate
the performances of an SSG system in the context of the Persian Gulf and Oman Sea, where there is
a strong need for renewable energies. The computational fluid dynamic (CFD) code Flow-3D was
applied. First of all, available experimental data were applied to calibrate and evaluate the accuracy
of the numerical model. Then, the real wave conditions on the coasts of the Persian Gulf and Oman
Sea were imposed on the JONSWAP spectrum for the numerical modeling. Results of the study
demonstrated that the hydraulic efficiency of the SSG system in the Persian Gulf and Oman Sea
was low for wave heights lower than 0.5 m. The nominal efficiency of the system was relatively
more than 60% for wave heights higher than 1 m; thus, the performance of the SSG system was
suitably evaluated. Finally, the numerical results demonstrated that the most optimal conditions,
with a nominal efficiency of 97%, were obtained for incident waves that had a height of 2 m and
a period of 5.6 s. In this case, the hydraulic performance of the system was maximum.

Keywords: wave energy; SSG; wave-overtopping; hydraulic efficiency; CFD; Persian Gulf and
Oman Sea

1. Introduction

Wave energy can be considered as a focused form of solar energy. Winds are caused by differences
in the Earth’s temperature and with blowing on the sea water, waves are produced. Subsequently,
wind’s energy is partially changed into waves. The transferred energy and the surface wave depend
on the wind’s speed, duration, and fetch length [1]. The global power of waves is estimated to be
about 8000 to 80,000 trillion watt/hour annually (Tw10-1), which is the same order of magnitude
as the electrical energy consumption in the world [2]. In various evaluations, the highest wave
energy has been reported in western regions of America, Europe, and New Zealand. The best wave
characteristics, for extraction as a renewable energy resource, are found in medium to high latitudes
and on deep waters (more than forty meters), which reach power densities of 60-70 kW /m. However,
only about two percent of the world’s 800,000 km of coastlines exceed a power density of 30 kW /m,
with a technical potential of about 500 GWe, based on a conversion efficiency of forty percent [3].
The wave power is proportional to the square of the wave height, and to the square of the wave period.
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In winter, wave energy is at its highest magnitude. Wave energy can be expressed in two forms: Kinetic
and potential. The cyclical motion of the wave proceeds the energy.

Energy availability is definitely an important factor in wave energy extraction, but a high energy
potential usually exhibits exceptional wave conditions during long periods. Such a situation raises
serious engineering challenges in designing and commissioning Wave Energy Converters, increasing
the costs of development, construction, installation, insurance and maintenance of these systems.
(Liberti et al. [4] and Iuppa et al. [5]). Nevertheless, the interest in Wave Energy Converters is
increasing, and there are a number of devices that have passed the demonstration phase. Some
researchers have proposed, in order to analyze the ease of implementation of Wave Energy Converters,
it is important that a planning study is carried out that not only addresses energy extracted but also
economic features [6,7].

Energy extraction has been investigated, through use of various equipment and systems, by a few
researchers, such as Almeida [8], Franzitta and Curto [9], Ross [10], Khosravi et al. [11], Evans et al. [12],
and Iuppa et al. [13].

Unlike wind turbine-based energy generation systems there are a wide variety of wave-energy
technologies, due to various wave-energy absorptions, and depending on water depth and situation
(coastal line, coastal proximity, and offshore). A recent study has revealed that more than 200 great
energy extraction projects have been done in various study and operation stages (Luo et al. [14]).
This number is increasing at the present time. Generally, wave energy can be absorbed using
three different types of wave equipment, including attenuator wave-energy conversion systems,
oscillating-water-column wave-energy conversion systems, and overtopping wave-energy conversion
systems. Depending on its environmental and efficiency conditions, the appropriate method is
employed in the future for coastal areas [15,16]. The most commonly used systems, operated in many
countries, are Tapchan [17] and Wave Dragon [18], and also the only prototype under development
under the Sea-wave Slot-cone Generator (SSG) system is Overtopping BReakwater for the Energy
Conversion (OBREC). The prototype unit has been embedded in the rubble-mound breakwater at the
port of Naples (Italy) (Contestabile et al. [19]).

The Sea-wave Slot-cone Generator system is a type of wave energy, into electrical energy, converter.
SSG workability is as following: Run-up waves, over the slope into the breakwater tanks, are trapped,
along with the cascades falling from the common channel, to which all tanks are connected; then,
turbine curtains are rotated at the existing place of each tank. These curtains cause the rotation of
a vertical axis that is connected to a generator. In this way, the mechanical energy necessary for
generator performance is provided. The overall configuration of the SSG system is shown in Figure 1.

There is a direct relationship between the SSG extractable energy extent and the average depth of
the sea. The way of implementing this type of structure is similar to that used for the dike embankment
or the Caisson concrete breakwaters [20,21], which were placed as precast or constructed on site. Behind
the channel structure there is a tank for internal air to exit into during the entry of waves. The air
trapped in the tank can then exit from the tank as no barrier is created. A part of the SSG geometry
is optimized based on the wave run-up (Hyun and Jungrungruengtaworn [22], Iuppa et al. [23],
and Buccino et al. [24]). Such a system works in the way that, even if a tank can be dehydrated
by several structure tanks, there is no barrier between the entering flow and the turbine, and thus
optimization is maximized. The multi-stage turbine innovation in the breakwater structure is shown
in Figure 1.



Energies 2018, 11, 3209 3 of 25

Figure 1. Sketch of the Sea-wave Slot-cone Generator (55G) wave-energy converter with turbine [25].

At Aalborg University, in 2005, one of the most valuable experimental studies to investigate the
hydraulic efficiency of energy generation systems using the SSG device was conducted [25]. In this
study, the SSG system was investigated for use at Kvitsoy Island in Norway, under the conditions
of the JONSWAP wave spectrum. Based on the studies conducted by Margheritini et al. (2009),
the geometrical indices of wave entrance that influence the performance of the SSG system overpass
include the run-up on-ramp of the SSG structure, the length of the tanks, the slope angle of the
ramp, the slope angle of the plates for each tank, the vertical space between two subsequent tanks’
plates, the number of tanks, and the crest shape of the surfaces [25]. Furthermore, the most important
complementary studies have looked at: Using the parallel plates on the slope to achieve the maximum
efficiency [26], the effect of lateral walls on the performance [27], along with the analysis of reflective
waves on SSG systems [28].

A short review on these systems, from their start-up to now, shows that most of the studies have
been performed with hypothetical wave or laboratory characteristics. On the other hand, existing
investigations have focused on SSG system geometry that has been developed for the target countries’
coasts. Due to the critical environmental conditions of the Middle East, including Iran, and the strong
need for renewable energies in this region, it could be important to evaluate the performance of SSG
systems on the coasts of the Persian Gulf and Oman Sea. Therefore, the present study applied the
computational fluid dynamic (CFD) method to evaluate the performance of energy generation systems
in the Persian Gulf and Oman Sea.

This paper is organized as it follows: Section 2 provides information on the experimental
procedure and setup; in Sections 3 and 4 the numerical CFD simulations are described and presented;
Section 5 describes the calibration and verification of the model; in Section 6 the numerical CFD
simulation are described for the case study and comparatively discussed with the physical model
tests; Section 7 is devoted to an overall discussion with some concluding remarks; and in Section 8§,
conclusions are finally drawn.

2. Materials and Methods

2.1. Geometrical Characteristics of the SSG System

In the present study, the common geometry of the SSG system was used for 3-D incident wave
simulation. The geometrical characteristics in the cross section of the SSG system are shown in Figure 2.
In the Figure, tanks 1, 2, 3, and the SSG system body slope were similar to the model constructed in
laboratory [25].
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Figure 2. Sketch of the laboratory model of the SSG system, with sizes shown (lengths in mm, angles

in degree) [25].
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2.2. Hydraulic Efficiency

To investigate hydraulic efficiency of the SSG system, analytical and empirical relationships were
used. The average wave power level per unit width (W/m) of the SSG system can be computed based
on wave height and period as [25]:
pg”HI T,

647 @
where p is the water density; g is gravity acceleration; H; is the index wave height, and T, is the energy
period, which has been estimated to be Tp/1.15 (Tp: wave peak period) [25]. Although Equation 1
is strictly valid only for deep water conditions, the error is less than 10% for a wide range of wave

Pwave =

conditions [13].
In addition, the average potential power of flow overpasses in per unit width (W/m) can be

computed as:
N3

PHyd = Z pg%v,]’Rc,j )
=

where g,,; represents the mean volume of water entering the jth tank, per unit width, and R, is the
crest height of the jth tank from the average water surface. Here, N shows the total number of tanks in
the SSG system. Therefore, the hydraulic efficiency quy ;4 can be written as:

MHyd = LHydr
Y p Wave

®)

3. Flow-3D Software

Flow-3D (Version 10.0.0.1) is a commercial CFD code that was applied for the simulation of a wide
range of issues related to the water and environment industry, from large hydropower projects to
hydraulic and marine structures [29]. Flow-3D was also applied for simulating waves and various
coastal structures (Movahedi et al. [30], Cavallaro et al. [31], Mansoori et al. [32], Maliki et al. [33],
and Sayeed et al. [34,35]). The results of recent studies indicate that the Flow-3D code has been proved
to simulate the performance of the SSG system. The hydraulic performance of the SSG systems on the
coasts of the Persian Gulf and Oman Sea was evaluated through simulating the hydraulic conditions of
waves and the geometry of the system. The numerical simulation was carried out using the numerical
model of Flow-3D. Due to the use of finite volume method in a regular meshing, the employed discrete
equations are related to the finite difference method. In Flow-3D, two methods have been used for
simulation [36,37]. The first one is volume of fluid (VOF) which is used to indicate free surface behavior.
The second method is the FAVOR, which is used to simulate solid surfaces and volumes, such as the
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geometric boundaries of the structures body [38]. Within the mesh block, the SSG system is defined
as an obstacle that prevents flow through the body of the structure. To define the shape of the mesh,
a technique that is called FAVOR was used. It is noticeable that all surfaces, curved or flat, with this
first-order approximation have been constructed. This concept is too similar to the TIN which is used
in geospatial surveys. During preprocessing of simulation, the location of the SSG system was defined
and then retain static all over the modeling period.

Equations governing waves and fluid are the Navier-Stokes equations for momentum and
the continuity equation for mass. These equations are like the partial differential equations (PDE).
Therefore, the main equations to simulate 3-D waves and flow include differential equations of
continuity, mass and momentum conservation laws in the direction of x, y, and z. The flow continuity
equation is obtained from the law of conservation of mass through presenting the balance relation for
a fluid element. The general continuity equation is:

o d d B

where V; indicates the fraction of volume to flow and p indicates fluid density. Velocity components u,
v, and w are in the direction of x, y, and z, respectively. Ay is the fraction of the surface in the direction
of x; Ay and A; are the fraction of the surface y and z axis. Fluid motion equations with velocity
components of u#, v, and w in three directions (i.e., Navier-Stokes equations) are:

d
Lt (uAcdt +04, 2 +wA W) =18 4G+ fi

o ox
0 1 ) ) ) 19
24§ (w2 + 04,8 +wA B ) = -1 4G, + f, ©)
?
Wy %(qu%—Z;+vAy%—‘y”+wAzaa—f) = —%a—z +G:+ f2

where (Gyx, Gy, G;) represent mass accelerations and fy, f,, and f; stand for viscosity accelerations.

The numerical solution accuracy of Flow-3D, in the first-order accuracy method, depends on
the temporal and spatial increment whilst running the model. When the mesh used in the finite
volume method is uneven, numerical solution accuracy should be carefully selected, as the first-order
accuracy is more appropriate in this case. In all cases, the first-order accuracy can be used for boundary
conditions [39,40]. To create geometrical boundaries, geometrical conditions should be recalled as 3-D
to the model.

4. Model Setup

Based on the laboratory model, the geometrical model was constructed with the width of 0.5 m in
3-D form. Figures 3 and 4 show the 3-D geometry and longitudinal section of the SSG system. Notably,
in the geometrical model construction, just like the laboratory model, a channel was considered at the
middle of the model, to get the highest possible similarity to the physical model and to prevent any
error in results.

Figure 3. A 3-D sketch of the geometry of the SSG energy generator device.
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Figure 4. A cross section of the SSG energy generator device [26].

For the numerical simulation of the SSG energy generator systems, using experimental data
of [26], the fluid (sea water) was considered non-viscous and incompressible. Also, the density of air
and its shear cut coefficient were equal to 1.2 kg/m?> and 0.073, respectively. The experimental model
was built of wood, using standard materials, and an average roughness height of 0.3 mm (n = 0.01)
was used. Accordingly, in the numerical model, the structure of the body is made of, a Manning’s
roughness coefficient of n = 0.01 was applied. All of the simulation and calibration stages of the models
were carried out with respect to the same experimental conditions.

The dimensions of the flume, for modeling and analyzing the potential performance of the SSG
wave-energy generator systems in the southern coasts of Iran, in the Persian Gulf and Oman Sea, was
300 m length, 9 m width, and 25 m height. It should be noted that there was not a wave absorber
module in the Flow-3D numerical model at the wave generation boundary. The distance from the
wave generator to the structure was 300 m, which was enough to accommodate two wave lengths
of incident waves, which the generator causes to reduce the effect of the wave reflection. To take
into account different wave conditions in different periods, it was estimated that between 800 and
1000 waves enter into the SSG system.

The first step in the numerical model was to calibrate the model. In such a way, the effects of
external factors were minimized and the model conditions were approaching those of real conditions.
The numerical model was also calibrated in terms of boundary conditions. To extract accurate data
from a numerical or laboratory model, it is necessary to reach stable condition states. One of the most
important parameters to be evaluated in these systems is the amount of discharge flow per unit length,
as the flow rate is dependent on the simulation time. Therefore, the simulation time for all models
should be considered in the same laboratory and numerical mode. Accordingly, according to the
experimental model, the duration of the implementation of the numerical model was considered to
be 3000 s. Figures 5-7 show the way waves pass and encounter the SSG system during wave run-up.
Wave flow was directed into the tank after entering into the provided duct.

X

Figure 5. A model of the SSG wave-energy extraction device with initial conditions (T = 0 s), shown in
3-D and 2-D.
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Figure 6. A model of the wave run-down onto the SSG wave-energy extraction device during the

simulation, shown in 3-D and 2-D.
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Figure 7. A model of the wave run-up over the SSG wave-energy extraction device during the

simulation, shown in 3-D and 2-D.

X

Figure 8 shows the falling flow and the boundary conditions in the chamber for directing the flow
out of the model. As shown, the flow was transferred to the energy generator guidance path after
entering into the chamber.

fraction of fluid contours

0.00 0.17 0.33 0.50 0.67 0.83 1.00

300  -1.94 0.88 0.18 1.24 2.30

Figure 8. The flow field condition, in the middle section of the SSG wave-energy extraction device, due

to the run-up conditions of waves (fraction of fluid contours).

According to the results of the numerical model, water level was still at the start of numerical
model computations (T = 0.0 s). Regarding the spectrum of the model’s entering waves, used in the
calibration, the extent of the output flow discharge was measured. Different tests were performed to
achieve better results from Flow-3D, to compare possible alternatives, boundary conditions, and initial
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appropriate conditions, as well as to measure the sensitivity of the model to various parameters. It is
well-known that the sensitivity of the numerical models to meshing and solution-field detachment
is one of the most important issues in numerical models. Accordingly, various meshing patterns
were proposed, and each of them had its own pros and cons. Flow-3D, relative to solid boundaries
and meshing, showed relatively different behaviors compared to other dynamic fluid computational
packages. To determine meshing limitations, some blocks were specified, in which all considered
structure dimensions and free space were defined. All considered details in a block could be taken into
consideration. Figure 9 shows a numerical model and FAVOR method for various meshing. According
to the aforementioned explanations, it can be concluded that creating appropriate solid boundaries
in numerical model meshing, particularly in geometrical models (including the proposed model), is
the biggest limitation, and thus an appropriate selection can increase computational accuracy. In the
present study, meshing was investigated as single-block and multiple-block in various tests, and the
best meshing was selected for the simulations.

One of the most important advantages of Flow-3D, compared to other wave field and flow
simulation models, is that it can determine and estimate the best solution field meshing based on
the studied geometrical model. To determine the size of the computational field meshing in the SSG
wave-energy extraction device, computational cells were firstly considered in length, width, and height
of 5, 6, and 5 cm, respectively. After validating meshing cell dimensions through FAVOR, it was
revealed that the selected cell dimensions for the SSG system geometry were inappropriate. In other
words, total existing geometry was not covered by these cells. With respect to Figure 9, large meshing
dimensions resulted in indeterminate solid boundary conditions in the model. Therefore, meshing
dimensions should be minimized to determine solid boundaries exactly. In this regard, the model
meshing dimensions in length, width, and height (X X Y x Z) were considered as 4, 4, and 4 cm,
respectively. Although the solid boundary was estimated with higher validation, it seems that meshing
dimensions should be considered smaller. Accordingly, a new meshing model with the dimensions of
2,6,and 2 cm (X, Y, and Z, respectively) was considered (the smallest mesh size used in the modeling).
Considering the model validation using FAVOR, new solid boundaries (in size), including the SSG
system with all components, were defined based on the 3-D model constructed for the numerical
model of Flow-3D. Various conditions of computational cell dimensions are shown in Figure 9.

VX ZAxaxaom XXYXZ:5><6><56m‘

Favor Model
Favor Model

Figure 9. Cont.
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XXYXZ:2%6X2cm ‘

Favor Model

Figure 9. The performance of fractional area-volume obstacle representation (FAVOR), with solid
boundaries for different mesh sizes, and the SSG system mesh calibration in (X, Y, Z) dimensions.

After determining computational cell dimensions, the obtained numerical simulation results were
calibrated and validated, and the computational error was identified for the laboratory model. To
evaluate and validate the numerical model, four different conditions of wave spectrum were used.
Figure 10 shows the wave spectrums applied on the numerical model. The numerical model was
able to generate spectrums, with the conditions shown in Table 1, using the inlet wave spectrum on
boundary conditions. Accordingly, in the simulated models, four spectrums, with various heights
and periods, were applied to the constructed geometry. According to the laboratory model, the water
height was 0.4 m. The RNG k-¢ (Renormalization Group) turbulence model was applied to simulate
the wave and flow fields. Flow-3D has the ability to simulate linear and nonlinear waves and irregular
waves. In Flow-3D, an irregular wave is composed from many small regular wave with different
amplitudes and frequencies and phase shifts. In Flow-3D, the JONSWAP and Piers-Moskowitz (P-M)
spectrum are used to produce waves. The other wave energy spectrum can be used by entering
a user-defined data file used in this article.

Table 1. The types of input wave spectrum applied in the numerical model [25].

Type Wave Spectrum A Wave Spectrum B Wave Spectrum C ~~ Wave Spectrum D
H;(m) 15 2.5 3.5 45
T, (s) 6.1 7.9 9.3 10.6

0 1 2 0 1 2
Frequency [Hz] Frequency [Hz]
% 0.012 : & :
Ko
=
7]
P~
g
2
i
0 1 0 1
Frequency [Hz] Frequency [Hz]

Figure 10. Wave spectrum for four types of waves during the calibration period [25].
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5. Calibration/Validation of the Model Using Experimental Data

The most privilege of CFD is that it allows complete control over geometry and boundary
conditions [41]. In addition, it provides simultaneously data at any point in the computation domain
(“whole-flow field data”), and it doesn’t suffer from the requirements of the potential incompatibility
caused by the scaling constraints, because simulations can be done on a full scale. The CFD also allows
for an efficient parameter analysis of various configurations and conditions. However, the accuracy
and reliability of CFD is a concern and calibration and validation studies are necessary. As a result,
high-quality tests are necessary to provide data for validation studies [42]. Accordingly, the calibration
and validation of models is presented in this section. The numerical model was implemented using
the wave spectrum presented in Figure 10, and the results obtained from the output discharge of the
SSG system waves, for the time of 300 s, were plotted. The error percentage of the numerical model
was compared with the laboratory results to evaluate the model’s performance. Figures 11-14 were
prepared using 0.5 s intervals.

0.0035 —{ —— Discharge (m/s)
Average Discharge

0.0030 -

0.0025 -

0.0020 -+ 3 1

0.0015 \

Discharge (m®/s)

0.0010 -+

4

) Average Discharge T ﬁ ;
X Py rl
0.0000 y T
0 50 100 150 200 250 300

0.0005

Time Run (Second)

Figure 11. Discharge versus time of the SSG system for the wave spectrum A.
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0.006 A

3

—"

0.004 -

0.010 3 g
. ’ \il
| ! |||uu \«3
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‘ l
&
' ‘ ‘ { .
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3
36X | K 3
] N b, S

g s-a T m-’*!&ﬁ '
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0.000
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Figure 12. Discharge versus time of the SSG system for the wave spectrum B.
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0.050 — —®— Discharge (m%s)
Average Discharge

0.045 A

0.040 -

0.035

0.030 A

0.025 A

0.020 A

Discharge (m®/s)

0.015 A1

0.010 A

J .‘ 5 | I 1__! [ | Il i i3
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Figure 13. Discharge versus time of the SSG system for the wave spectrum C.

0.025 | —¢— Discharge (m’s)
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0.020 +

0.015 - AR IR S ¢ F

0.010 - f 1 W IS m

Discharge (m®/s)
'Y
——0

0.005

100 150 200 250 300

Time Run (Second)

Figure 14. Discharge versus time of the SSG system for the wave spectrum D.
Table 2 shows the difference (in percentage) between the results of the numerical simulation and
the laboratory model, for four types of input wave spectrum. The comparison between the discharge

in the physical model and in the numerical model was done in terms of discharge per unit. Thus, in
order to convert to prototype results, the following equation was used:

1 2.5
Qscale = Gprot X Bprot X <15) (6)

It should be noted that Byt represents the width in meters, which was 7.5 and 15 m in the real
model and numerical model, respectively.
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Table 2. Error percentage of the simulated output discharge of the numerical model.

Type of Spectrum Wave Spectrum D Wave Spectrum C =~ Wave Spectrum B~ Wave Spectrum A
Gport (m3/s/m) 0.032 0.184 0.3664 0.53
Exp Model gg¢qp, (m®/5/m) 2.76 x 10% 1.59 x 1073 3.10 x 1073 4.60 x 1073
Flow — 3D Model gycqie 264 x 1074 1.76 x 1073 3.26 x 1073 429 x 1073
(m°/s/m)
Error% 4.50% 10.70% 5.10% 6.70%

Table 2 shows that the maximum simulation error belongs to the wave spectrum of type B, and the
simulation error percentage for the output discharge was about 10.7%. With respect to the acceptable
error, numerical modeling was calibrated and verified. Figure 15 shows the output discharge of the
numerical model in meter/height for the four spectrums under consideration. As observed, results
of the numerical models and the laboratory results were in good agreement; therefore, the present

calibrated model could be applied to investigate the waves on the coasts of the Persian Gulf and
Oman Sea.

0.6

A Physical Model
05 - | === Numerical Model- Flow3D

0.3 A

Qiotal (m3/s/m)

0.2 ~

00 T T T T T T T T T T
1.4 1.6 1.8 2.0 22 24 26 2.8 3.0 3.2 34 3.6

height significant :H (m)

Figure 15. Comparison between the laboratory model and numerical model in the SSG wave-energy
extraction device, for four wave spectrums.

The average wave power (W/m) of the SSG wave-energy extraction device can be computed
based on the height and period of the wave as:

2H2T,
pg6475z : 7)

Pyave =
where p is the water density; g is gravity acceleration; H; is the significant wave height, and the energy

period T, is estimated—here simply set to be Tp/1.15 (Tp: wave peak period) [39]. Also, the average
potential water overpasses power (W/m) can be computed as:

PHyd = Z?]jlpgqov,ch,j (8)
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where ¢, is the average volume of water entering into the Jy, tank (W) and R ; is the height of the Ji,
tank crest from the average water level. In this equation, N represents the total number of tanks in the
SSG energy generator water wave. The hydraulic efficiency was calculated according to Equation (3).

The evaluation of the results of the numerical modeling and the calculation of error is presented
in Table 3. Notably, in Equation (8), for R.;, the average height of the tank was used to calculate the
Pyyq. Also, the average height of all three tanks was input into the equation for two other types of
waves. In other words, for wave groups A and B, the height of R ; was 2.77 m and for the other wave

group, it was 3.4 m.

Table 3. The hydraulic efficiency of the numerical and laboratory models.

Type of Spectrum A B C D
Pyave, realized (kW /m) 6.2 17.1 31.2 50.9
Phyq, Exp (KW/m) 0.79 5.14 11.13 17.07
Prya, Flow-3D (kW/m) 0.83 5.68 12.92 17.02
?ﬁjyd Exp 0.127 0.301 0.356 0.336
rlijd Flow-3D 0.133 0.33 0.41 0.334
Error 4.70% 9.60% 13.80% 6%

Table 3 shows that the simulated flow, using R as the average height of the tanks, resulted in
a maximum error of 13.8%. Numerical results for the depth, pressure, and velocity of the flow, with
velocity vectors, are shown in Figures 16-18.

pressure (Pa)

0 880 1761 2641 3521 4402 5282

0.75 7 “ a i

0.0 L

-0.30 0.22 0.74 oy 126 1.78 2.30
XxX'm

Figure 16. Pressure in the SSG wave-energy extraction device for wave spectrum A in a run-up wave.

(scale=1)
x-velocity (m/s)
0.50 0.27 1.05 1.82 2.60 3.37 4.14
0.750 1
L=
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Figure 17. Velocity in the SSG wave-energy extraction device for wave spectrum B in a run-up wave.
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Figure 18. Fluid depth in the SSG wave-energy extraction device for wave spectrum D in the
run-up wave.

6. Case Study: The Persian Gulf and Oman Sea

To evaluate the performance of the SSG energy generator in the Persian Gulf and Oman Sea,
the required data near to the coast stations should be gathered. To this end, the required data was
gathered from ports and navigation organizations. The data included latitude and longitude and the
list of stations measuring wave characteristics. One of the important points in the employment of the
SSG wave-energy extraction device is the depth of water in front of the structure. The efficiency of the
structure is decreased under the impact of sediment deposition attack. To prevent such a phenomenon,
the water depth in front of the structure should not be less than 15 m [43]. Considering the 15 m depth
of water for these breakwaters obtained by Margheritini et al., they are acceptable, in terms of depth,
for breakwaters in the ports of the Persian Gulf and Oman Sea. As the calibrated model was defined
for a depth of 6 m, the model specifications should be changed to the depth of 15 m. Accordingly,
the height equivalent to the wave run-up in the new model was changed to 15 m. In this model, since
the height of the waves had no tangible change compared to the physical model, the height of the tanks
had no change. Figure 19 shows a 3-D model, constructed from the considered breakwater, to simulate
incident waves to the SSG energy generator breakwater in the Persian Gulf and Oman Sea conditions.

Figure 19. Construction of the solid model of the SSG wave-energy extraction device in the Persian
Gulf and Oman Sea.

The geometrical model had the length of 60 m and width of 9 m and its maximum height was
about 21 m. The current geometrical model in Flow-3D was recalled and all the conditions of the
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calibrated model were applied on the current model. Figure 20 shows the conditions of the SSG system
in Flow-3D with the calibrated model meshing.

Figure 20. The FAVOR method of the SSG system, in a depth of 15 m with the calibrated
model conditions.

Reliable wave information is essential to the design of any coastal facility and the assessment
of coastal processes, such as wave-energy generator systems. A detailed investigation of the wave
climate on the Persian Gulf and Oman Sea, on the coastline of Iran, was carried out in support of
a series of comprehensive studies for the ISWM (the Iranian Sea Wave Modelling) project by PMO
(Ports and Maritime Organization). In This project, the objective was to develop long-term wave
climate data for the entire length of the Iranian coastline, in the Persian Gulf and Oman Sea. The Oman
Sea, and, to a lesser extent, the Persian Gulf is subject to a complex wave climate, with three distinct
components: (1) Monsoon waves, generated during monsoon season (June to September), off the
southern coastline of the Arabian Peninsula in the Indian Ocean, which approach from a southerly
direction; (2) seas that are generated in the Oman Sea during the winter season and approach from
a westerly to southwesterly directions; and (3) long-period swells that are generated in the Indian
Ocean and approach from southerly to southeasterly directions. In these complicated wave conditions,
in the coastal areas of the Persian Gulf and the Oman Sea, six points were chosen to cover the whole
coastline. In these six points, a wide range of the wave heights and periods were selected to achieve
realistic conditions. It should be noted that wave data were selected using the monthly mean wave
characteristics in a one-year period, from 2015 to 2016. The stations that measured the hydro-dynamic
characteristics of the waves are shown in Figure 21.

Figure 21. Location of the wave gauges in the Persian Gulf and Oman Sea.
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In this study, data from the Iranian Sea Wave Modelling (ISWM) project was used. The preliminary
effort for studying the wave conditions, for the specified areas along the Iranian coastline, were
undertaken by firstly deploying a few wave condition assessment stations, in onshore, in the vicinity
of the Bushehr and Chabahar ports. Along with this major project, and other information base, of
a kind that different short period measurements of wave characteristics, satellite information, and the
results of large scale numerical modeling, enabled us to follow a hindcast model project in the Persian
Gulf and Oman Sea, called ISWM. The major purpose of ISWM, which is defined by Port and Shipping
Organization (PSO), is to recognize the wave characteristic in the Persian Gulf and Oman using the
results of wave modelling. The (ISWM) results present the required wave characteristic for different
usage in port and marine engineering fields. The INCO was tasked with this project with the assistance
of DHI Water and Environment. The extreme value analysis was carried out using the extreme value
analysis (EVA) software developed by DHL. The final wave height EVA analysis results for the 100-year
return period are shown in Figures 22-24 for the Persian Gulf, the Strait of Hormuz, and the Gulf of
Oman, respectively [44].

6.07
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© ] [ ] 45- 5
1 B 4-a5
2.0 B 35- 4
] B 3-35
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002415N Bl Below 1
00 10 20 30
degree

Figure 22. Extreme value analysis (EVA) results for wave height over a 100-year period in the
Persian Gulf.

TGUM/ML - Hs(m

g Bl Above 5
2 [ ] 45- 5
o 0 4-45
] 35- 4
B 3-35
Bl 25- 3
B 2-25
Il 15- 2
[ ] 1-15
I Below 1

0.0 f . 3.0 40 5.0
degree

Figure 23. EVA results for wave height over a 100-year period in the Strait of Hormoz.
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Figure 24. EVA results for wave height over a 100-year period in the Oman Sea.

Based on these results, of the numerical model, the classification (Table 4) for the application of
waves conditions was selected for the (SSG) wave-energy extraction system. Further, Table 4 lists the
wave conditions used in the study.

Table 4. Wave conditions in the coastal stations of the Persian Gulf and Oman Sea.

Short Wave (SW)  Normal Wave (NW) Large Wave (LW)

Type
Fp H, Fp H, Fp H,
Wave conditions in the Persian 1.84 0.069 3.05 0.37 6.42 2.31
Gulf coast stations in Iran 1 3 5
Wave conditions in the Oman 3.63 0.2 5.6 1.05 6.14 1.84
Sea coast station in Iran 2 4 6

7. Results

The output discharge levels for the simulation were calculated for the wave spectrum in the
Persian Gulf and Oman Sea. Figure 25 shows the waves entering into the SSG system and the
passing flow through the tanks. The numerical results for the average output discharge are presented
in Figures 26-31, where the discharge values had a width of 9 m. For all the simulations a time of 1800
s was considered.

Figure 25. Wave entry and flow in the SSG system, in the numerical model, for the wave conditions in
the Persian Gulf and Oman Sea.
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Figure 26. Discharge versus time in the SSG system for wave spectrum 1.
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Figure 27. Discharge versus time in the SSG system for wave spectrum 2.
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Figure 29. Discharge versus time in the SSG system for wave spectrum 4.
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Figure 31. Discharge versus time in the SSG system for wave spectrum 6.
8. Discussion

The efficiency of the SSG wave-energy extraction devices, for the wave conditions on the coasts
of the Persian Gulf and Oman Sea, was computed. Table 5 lists the values of the hydraulic efficiency
values for the considered wave conditions.
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Table 5. Hydraulic nominal efficiency model of the SSG wave-energy device, for the wave conditions
of the Persian Gulf and Oman Sea.

Type of Spectrum 1 2 3 4 5 6
Ty 1.84 3.63 3.05 5.60 6.42 6.14
H; 0.07 0.20 0.37 1.05 231 1.84
Q (m%/s) 0.00007 0.00017 0.00493 0.47000 1.88000 1.37000
q (m3/s/m) 0.00001 0.00002 0.00066 0.06267 0.25067 0.18267
P wave, realized (KW/m) 000374 006198 017822  2.63525  14.62222  8.87275
P Hyd (kW/m) 0.00021 0.00051 0.01487 2.14244 8.56975 6.24498
n ﬁjyd Flow3D 0.057 0.008 0.083 0.813 0.586 0.704

The numerical results showed that the hydraulic efficiency of the SSG wave-energy device for
wave heights less than 0.5 m was very low (below 10%). For wave heights more than 1 m and wave
periods more than 5 s, the hydraulic efficiency was more than 60%, which can be considered as a good
level. Furthermore, for the short wave (SW) conditions in the Persian Gulf, the system efficiency was
about 5%. In cases of normal wave (NW) conditions in the Persian Gulf, the system efficiency was
about 8%. In addition, if the wave conditions in the Persian Gulf were large wave (LW), the system
efficiency reached about 60%. For the SW conditions in the Persian Gulf, the system efficiency was not
satisfactory (about 1%). On the other hand, the numerical results in the Oman Sea indicated higher
efficiency for NW and LW conditions. The system efficiency for the NW conditions in the Oman Sea
reached about 80%, which was the best hydraulic performance due to the value of the wave periods.
Moreover, the system efficiency in the LW was about 70%, which is an appropriate efficiency.

Although the number is almost equal of positive storm surges and negative storm surges happen
within 12 months, estimates of annual resources show that influenced by the storm surge weather,
possible due to wave-tide action and reaction effects. However, the factors affecting annual database
estimation were small, mainly compared to the database of uncertainty [45,46]. Since tide only resource
assessment appears too great precision, but, because of a large amount of variability in immediate
power, storm flood predictions may be required for the interpolation of tidal range energy into
an electricity network. Something that is formerly accomplished routinely as the section of an early
alarm system of coastal flood risk in the Persian Gulf and Oman Sea. To determine the maximum
hydraulic efficiency of the SSG system, simulations were repeated whilst making changes to the wave
simulation. In this regard, the maximum hydraulic efficiency of the model was determined when the
applied wave height was almost two times more than the wave height of model four, shown in the
previous part, and with the same period. The conditions of the significant wave height were about 2 m
and the period of the selected wave was 5.6 s.

After applying the spectrum to the numerical model of the SSG system in the Persian Gulf
and Oman Sea, numerical results were analyzed. Figure 32 presents the maximum overpass in the
numerical model to determine the maximum hydraulic efficiency.

Table 6 shows the maximum hydraulic efficiency for the hypothetical conditions. The nominal
efficiency of the SSG energy device was close to 97%.

As observed in Table 6, in addition to the wave height, wave period played an important role in
hydraulic efficiency. The highest value of hydraulic efficiency of the SSG energy device belonged to the
wave max spectrum. Although, in some conditions, maximum wave height, just like the conditions of
spectrum 6, was higher than the wave height of spectrum 4, the hydraulic efficiency of spectrum 4 was
higher due to its shorter period.
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Figure 32. The maximum overpass in the numerical model to determine the maximum
hydraulic efficiency.

Table 6. Hydraulic nominal efficiency of the SSG wave-energy device in storm surge wave conditions.

Type of Spectrum 1 2 3 4 5 6 Storm Surge
Ty 1.84 3.63 3.05 5.60 6.42 6.14 5.60
H; 0.07 0.20 0.37 1.05 2.31 1.84 2.10
Q (m3/s) 0.00007  0.00017 0.00493 0.47000 1.88000 1.37000 2.25
q (m®/s/m) 0.00001  0.00002 0.00066 0.06267 0.25067 0.18267 0.30
P wwave, realized (KW/m) 0.00374 0.06198 0.17822 2.63525 14.62222 8.87275 10.54
P gyq (kW/m) 0.00021 0.00051 0.01487 2.14244 8.56975 6.24498 10.26
1 ﬁyd Flow3D 0.057 0.008 0.083 0.813 0.586 0.704 0.97

9. Conclusions

Numerical simulations can be used to evaluate and analyze the performance of the SSG
wave-energy extraction device, and play an important role in the initial design, operation,
and management of wave-energy extraction systems in different coastal conditions. Though, in
recent years, the extraction of wave-energy in the Persian Gulf and Oman Sea has been investigated
for specific cases, it is still necessary to evaluate the efficiency of these systems. Accordingly, in this
study, numerical modeling was conducted to determine the efficiency of the SSG system in accordance
with the conditions of the Persian Gulf and Oman Sea. Numerical simulation was performed using the
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Flow-3D software. The numerical results revealed that the hydraulic efficiency of the SSG wave-energy
extraction device for wave heights less than 0.5 m was below 10%. For wave heights more than 1 m
and wave periods more than 5 s, the hydraulic efficiency of the SSG wave-energy extraction device
was more than 60%, which can be considered as a good level of efficiency. Accordingly, this study
demonstrated that, in the Persian Gulf, SSG systems should be used in areas with higher wave heights
and shorter periods to achieve the highest efficiency.
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