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Computational investigation on
the hydrodynamic performance
of a vertically submerged plate-
type wave energy converter under
variable relative openings

Surendra Singh Yadav?, Sujit Roy? & Pushpendra Kumar Singh Rathore3**

This study aspires to analyze a wave energy converter (WEC) through its hydrodynamic efficiency
featuring a stationary submerged thin vertical plate (STVP) situated at free surface level (z=0 m).
The investigation incorporates arrangements with both flat and uneven seabed profiles, and also
various wave steepness conditions. To perform the computational work, a numerical wave tank (NWT)
is developed utilizing the ANSYS Fluent 2024 R2 software, and the fluid interface tracking is done
employing the volume of fluid (VOF) approach. Stokes waves of second-order are produced at NWT
entrance using the inflow velocity approach, and the wave reflection is minimized at the end by using
numerical damping. The effect of four distinct relative opening (o) and wave height (H), with uneven
bottom, is evaluated and subsequently compared to the hydrodynamic efficiency over a flat sea bed.
The study is conducted for four distinct wave time periods (7) in the range of 1.16-2 s. The axial flow
velocity under the stationary plate is computed for various conditions, such as (a) thin plate only, (b)
thin plate and a trapezoidal structure of distinct altitude below it. This research study illustrates that
optimal efficiency occurs at o, =50%. Additionally, axial flow velocity (v,) exhibits elevated values

at T=1.87s for increased wave steepness. The findings indicate noticeably improved hydrodynamic
efficiency with higher wave steepness.

Keywords Hydrodynamic efficiency, Submerged vertically thin plate, CFD, Relative opening variable
topology, Second-order stokes wave
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P, . Wavepower

x Distance from the inlet boundary in x-direction
Y Viscosity

n Surface elevation

h Height of opening

b Width of opening area beneath the plate
Abbreviations

BC Boundary Condition

CFD Computational Fluid Dynamics

GE Governing Equation

NWT  Numerical Wave Tank

OWC  Oscillating Water Column

SD Submergence Depth

STVP  Submerged Thin Vertical Plate
VOF Volume of Fluid

WEC Wave Energy Converter

Several countries have pledged to minimize carbon dioxide emissions and become carbon-neutral to combat
climate change. To achieve this goal, new energy sources must be promoted as a replacement for fossil fuels.
Among the available clean energy technologies, sea waves are notable for having exceptional energy density. This
attribute emphasizes the substantial potential inherent in harnessing wave energy, positioning it as a formidable
contender among sustainable energy alternatives'. To harness this abundant energy from the ocean, diverse
wave energy converters (WECs) are currently under development. These encompass a variety of designs like
Oscillating Water Column (OWC)?, bottom-hinged pitching devices®, floating pitching devices?, and point
absorbers>®. Among these, OWC type WEC is largely investigated by the researcher.

Wang et al.” integrated horizontal bottom plate within a two-chamber OWC to extract the wave energy more
efficiently. They noticed that the presence of bottom plate has enhanced the extraction of wave power from the
front chamber, whereas it affects negatively in back chamber. They found optimal length of bottom plate to be
1.5 times of dual-chamber combined width. Ko and Tsai® developed a novel perforated OWC to extract wave
energy more efficiently and found the optimum porosity of perforation to be 0.5. They also explored dependency
of hydrodynamic efficiency on the underwater opening height and identified 0.6 as the optimum opening. Lin et
al.? implemented a geometric modification to the OWC front chamber wall by incorporating a sawtooth profile
and found that the alteration is able to suppress large-scale vortex formation. Due to a decrease in hydrodynamic
resistance, the wave energy conversion was enhanced by 10-25%. Gaspar et al.!? altered the water column wall
with a wall slope of 40° and compared that with the conventional OWC. They found that the modified wall
has higher hydrodynamic efficiency, whereas the efficiency fluctuation due to change in wave period is less in
the conventional one. Qu et al.!! introduced an elliptical modification to the OWC rectangular front wall and
found as much as 25% enhancement in wave energy conversion efficiency. Mandev and Altunkaynak'? altered
OWC front chamber wall with a cylindrical structure, which is able to minimize the separation of flow at the
entrance to the chamber. They observed that the modification has improved the capture width ratio, inversely
proportional to the cylinder diameter. The maximum wave forces on a truncated cylinder were experimentally
and numerically inspected by Fan et al.'*. The effects of incident wave characteristics and submergence depth
(SD) on the magnitude of maximum wave-induced forces and associated transfer function responses were
systematically analyzed. The wave force’s horizontal component varied proportionally to wave steepness (H/L)
but remained stable at SD = 0.104, whereas, vertical force steadily decreased with increasing H/L. The wave
components (vertical and horizontal) remained unchanged at SD = 0.053 and 0.104, but at SD = 0, the horizontal
component increased owing to wave-induced impulsive loading on the lower face of the cylinder. The linear
component of vertical force decreased with deeper submergence. So far, plate type WEC is not widely recognized
by the researchers. In order to create a novel form of the WEC, it is thus required to study the efficiency and
wave characteristics at the locality of a vertically immersed thin plate. The wave-structure interaction in ocean
wave flow across flat and uneven bottom conditions is analyzed numerically. With the advancement of CFD
applications, cost-effective and reasonably quick analysis are now possible.

Some scholars have conducted both numerical modeling and physical experimentation on rectangular plates,
elliptical plates, and cylinders. The computational studies related to wave characteristics are performed using
NWT rather than physical wave tank since it is a preferred alternative to physical modelling and allows for the
investigation of a wide range of wave varieties'*~!¢. The impact of the surface profile on rectangular cylinders
oriented parallel in the flow was investigated by!”. Using ANSYS Fluent, Yadav and Roy'® conducted a numerical
analysis of the stability of linear waves in shallow water. Arslan et al.'” measured the drag force and noticed the
considerable eddy dynamics influence on flow behavior around a partially submerged rectangular cylinder. Roy
and Ghosh?® utilized the Morison relationship?! for computing wave forces acting upon a 2-D submerged thin
vertical plate (STVP) at different SD in low-depth water. Rajagopalan and Niehous?? explored the force value
on plates using an NWT, contributing to the advancement of numerical methods for studying wave-structure
interactions. Fernando and Rival?® experimentally studied the impact of aspect ratio on plates in elliptical shape.
At various submergence depths, Satheesh and Huera-Huarte? analyzed drag characteristics of the vertical plate
with varying aspect ratios. Prasad et al.?> simulated wave characteristics through numerical and experimental
research conducted within a three-dimensional NWT. Wong et al.?¢ studied flows in a distribution chamber
experimentally and numerically. A 2-D and 3-D model were compared to explore the flow in the chamber.

Patten®” highlighted future trends in offshore engineering and other marine resources in the order of
renewable energy. Furthermore, Lynos®® summarized the advancements in offshore technology and field
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developments. Many countries recognize wave energy from ocean as a significant and promising energy source.
Wave energy obtained from the ocean is a renewable source of energy, but there has been very little technological
progress in this area compared to other sources of energy”. Wang and Zhang®® investigated a submerged
horizontal plate connected offshore OWC in terms of its hydrodynamic efficiency. Elhanafi et al.’! conducted
a computational hydrodynamic analysis of an offshore OWC using CFD. The efficiency is influenced by wave
amplitude, according to Luo et al.’2. Furthermore, Ning et al.**- 34 investigate numerically and experimentally
hydrodynamic efficiency and show that as wave amplitude rises, efficiency increases and eventually drops. Dong
et al.**l- 3¢ calculated the wave force on an immersed horizontal plate over variable topography. Qiao et al.>’
considered the impact of porosity and wave characteristics on wave force using computational and experimental
approaches. Orer and Ozdamar® performed experimental research to explore the energy efficiency of a
submerged horizontal plate WEC under three different bottom conditions below the plate. Sangtarash and
Roohi* used OpenFOAM software to quantitatively study nonlinear wave interaction with a particular WEC.
Chappelear®® presented the first numerical method and advanced by Dean?! centered on the stream function
theory. Inviscid and irrotational flow are the assumptions behind these numerical techniques.

Novelty and objective of the present study

According to the above literature review, the flow behavior around the stationary STVP WEC under the varying
relative opening and geometrical arrangement is not widely recognized. Since the depth of the ocean is variable
due to different coral reef systems and the variable topography of the seabed, it is important to consider the
impact of irregular bottom conditions on WEC performance. As of now, research on the hydrodynamic energy
of waves has not included an investigation of how waves interact with an STVP-type WEC under uneven
seabed circumstances. This particular aspect remains unexplored, highlighting a gap in current research that
underscores the need for comprehensive examinations of the WECs performance under varying seabed profiles.
This research endeavor explores the effects of waves on STVP wave energy converters (WECs) with varying
topologies. Additionally, it examines how the relative opening affects the hydrodynamic efficiency of the STVP
WEC across distinct wave steepness conditions. By taking into account the advancement of WEC in the surge
direction, this research presents a novel viewpoint for researchers to consider.

Practical application of the present study

Figure 1 demonstrates how the findings of the present study can be applied in a real-world scenario. The proposed
STVP WEC shows strong potential for extracting renewable energy from ocean waves through enhanced
hydrodynamic performance. Acting as a hydrodynamic energy modulator, the STVP converts incident wave
energy into localized flow acceleration and pressure gradients. As waves interact with the submerged plate,
diffraction and partial reflection produce a downstream pressure drop, which accelerates flow beneath and
around the plate. This generates a high-velocity wake that increases the available kinetic energy for the axial
turbine. The turbine subsequently converts this accelerated flow into mechanical power, while the uneven seabed
further modifies local flow patterns, reducing wave reflection and enabling more stable operation under varying
wave conditions.

Numerical methodology

Governing equations (GE)

The momentum equation and the equation of continuity are expressed below to formulate the unsteady, inviscid,
and incompressible flow condition*?:

ou; _ ,.
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where, puj;u} is the turbulent fluctuations term. This term encapsulates the apparent stresses arising from

turbulent flow, commonly known as Reynolds stresses. The subscripts i, j=1, 2, symbolize 2-D Cartesian
coordinates, whereas, p and u; denotes average pressure and average velocity, respectively.
To model the turbulent flow, RNG k — € model is used, as illustrated in Egs. (3) and (4).
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where, k =turbulent kinetic energy, € = dissipation rate of k, Gi= production of k, 1 = diffusion coefficient,
and Che =142 & Cac =1.68 are the empirical constants.

The volume of fluid (VOF) method is utilized for capturing multi-phase (air-water) phenomena in NWT*,
The volume fraction function (e« ) represents the relationship between the volume occupied by the g phase in a
cell and the overall volume of the cell. This implies that if «_= 1, the total volume of cell is full of water; if ®,= 0,
the total volume of cell is air and in the remaining cases, when a,is partially filled with water and air (0 < ®, < 1),
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Fig. 1. Configuration of an Axial Turbine-based STVP WEC system over an uneven seabed. (Real
Application)

the cell is within the water-air interface. The equations are used to calculate the properties of fluid by weighting
them according to volume fraction, shown as follow:
Oag
ot

+V - (agV) =0 (5)

2
> =1 (©6)

where, V is the velocity vector. Based on the volume fraction, the two-phase mixture density is computed as
follows:

p=agp,+(1—agp, 7)

where, p_=998.2 kg/m? and p_=1.225 kg/m?, are the density of water and air, respectively.
The hydrodynamic efficiency of the STVP WEC is calculated using following relationship:

P ow
Ef ficiency = Pfl (8)

The equations for P, and Py, are as follows:

wave
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where, v___ axial velocity of wave (m/s), b=width of opening area under plate (m).
The ratio of the opening height (h) under the stationary vertical plate to the NWT’s water depth (d) is known
as the relative opening («), and is mathematically shown as:

a =h/d (11)

Numerical model details

An analysis using numerical methods has been conducted to examine the 2-D rectangular domain as NWT.
ANSYS Fluent 2024 R2 (ANSYS, Inc., https://www.ansys.com) CFD software is used to perform the simulation
work. Figure 2 depicts the design of the 2-D NWT (Ix x Iz), featuring (a) a flat seabed and (b) an uneven seabed
within the computational domain. The domain is divided into two parts, where the upper part is filled with
atmospheric air (assumed as incompressible) and the bottom part is considered as seawater. Properties of air
and water are chosen based on the available material database in Fluent. The waves in the NWT are created
employing an inflow approach at the inlet boundary. An open pressure vent is provided at the NWT’s upper wall.
A no-slip boundary constraint is applied to bottom and right solid walls. This condition ensures that the fluid
velocity to be zero at the proximity of solid wall. Based on the analysis of wave stability in NW'T, the numerical
domain has been split into three sections: (1) wave generating zone (I , = 2 m), (2) working zone (I , = 6 m), and
(3) numerical damping zone (I , = 2 m). The NWT has dimensions of [ =10 m and /= 1 m. A 2nd order Stokes
waves with four distinct time periods are produced in the current study by the inflow technique. A numerical
beach is implemented as a damping zone at the end of the working area toward the end wall to prevent wave
reflection from the end wall of the NWT. Without this measure, waves would bounce off the end wall, causing
simulation complications. The detailed geometric parameters of NWT are mentioned in Table 1. Different wave
heights are considered in the present study to capture the effect of wave characteristics on the performance of
WEC. The wave parameters considered in the present simulation are mentioned in Table 2.

Grid generation and grid independent test

In the present study, to discretize the 2-D computational domain, structured cells are considered (Fig. 3). Mesh
refinement is adopted near the free surface level and vicinity of the plate to capture the fluid behaviour precisely.
In the damping region, the element size increases gradually along the tank length until the end wall of the
NWT32, For discretization, 1st order implicit and 2nd order upwind schemes are chosen. The Courant value
is set to 0.25 to improve numerical stability and confirm the travelling information from each computational
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Fig. 2. Schematic of 2-D numerical wave tank (a) with flat seabed and (b) with uneven seabed in the
numerical domain.
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(Flat bottom) | (Case 1) | (Case 2) (Case 3)

Relative opening (a) a,=62.5% ,=50% | a,=43.75% | a,=37.5%
Vertical plate height 0.15m 0.15m |0.15m 0.15m
Water depth (d) 0.4m 0.4m 0.4m 0.4 m

Height of NWT (1))

(air domain + water domain) 1m 1'm 1'm 1m
Wave generating zone (/) 2m 2m 2m 2m
Working zone (I ,) 6m 6m 6m 6m
Numerical damping zone (I ;) | 2 m 2m 2m 2m

Table 1. Geometrical parameters used in this study.

Time Period | Wave height | Wave steepness | Water depth
T (s) H (m) (H/L) d (m)

1.16 0.04 0.0217 0.4

1.50 0.045 0.0152 0.4

1.87 0.05 0.0117 0.4

2 0.055 0.0108 0.4

Table 2. Wave parameters considered in the present study.

l.;=wave generation zone
l.,= working zone
1,.3= damping zone

Fig. 3. (i) Structured grid of 2-D NWT and (ii) zoomed view near the vertical plate.

Mesh1 | Mesh2 | Mesh3 | Mesh4
A x [m] 0.03587 | 0.02562 | 0.01830 | 0.01307
A z[m] 0.00355 | 0.00253 |0.00181 | 0.00129

No. of Elements | 140,000 | 202,500 | 250,000 | 299,750

Table 3. Four sets of mesh Parameters.

sub-domain. The numerical model is simulated with 5000-time steps (time-step size = 0.01s), with a maximum
iteration of 20. The convergence criteria are set to 10~ ° for all the governing equations.

Optimizing the mesh size is essential since it reduces computing effort. Therefore, the grid independence test
is performed to detect independence from the grid system utilized for this research study. Four systematically
refined meshes are generated by reducing the grid spacing in both directions by a factor of approximately 1.4. The
detailed mesh parameters are mentioned in Table 3. The test is carried out considering surface profile at x=4.5m
for wave height H=0.05 m and period T'=1.1658s at free surface z=0 m for four different mesh conditions. In
Fig. 4, the surface elevation results obtained from two different meshes, namely mesh 3 and mesh 4, are being
compared. Mesh 3 and mesh 4 yield similar results in terms of surface elevation, with a difference of 0.0005%
between their numerical results. Therefore, the grid size of mesh 3 is sufficient to achieve accuracy, and mesh 3
is adopted for further simulation.
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Fig. 5. Limit of application of various wave theory based on (a) Le Mehaute?®, (b) Fenton®’.

Wave theory validation

The validation zones of different wave theories are represented in Fig. 5. The applicability of various theories
is influenced by water depth (d), wavelength (L), and wave height (H). The Ursell number (Ur), according to
Fritz Ursell, is the ratio of nonlinearity (H/d) to shallowness (d%/L?). The Ur is the criterion for separating the
boundary between Stokes wave theories and cnoidal wave theories**. As shown in Fig. 5, the wave parameter
employed in this numerical analysis is in the second order Stokes zone (Testing Zone). Ensuring the accuracy
of our present numerical technique is imperative before commencing the main investigation. A validation test
has been executed to assess the correctness of the numerical study. The time-dependent surface elevation (n) is
displayed at x = 0.55 m to validate the solver. The outcomes generated by the current model are matched with the
experimental and numerical data previously published by Gao?’, as illustrated in Fig. 6. The close alignment with
the reference® serves as a testament to the correctness and reliability of the current CFD model.

Results and discussion

The current investigation focused on the performance of a stationary STVP WEC in NWT under intermediate
water depth. An NWT model is created in the ANSYS Fluent 2024 R2 (ANSYS, Inc., https://www.ansys.com)
CFD software. Various structural heights of the uneven bottom structure have been taken to assess the impact of
uneven bottom conditions on the wave flow below the stationary vertical rectangular thin plate. Since the depth
of the ocean varies due to different coral reef systems and the variable topography of the seabed, it is crucial to
consider the impact of irregular seabed conditions on wave flow and the hydrodynamic performance of WEC.
To investigate the impact of variable topography in a study of wave-body interaction, three distinct heights of
uneven bottom structures are introduced. This study has been performed for T (wave time periods) 1.16, 1.50,
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Fig. 6. Validation of the present computational model with results of Gao®® in terms of surface elevation (#).

1.87, and 2s and H (wave heights) 0.04, 0.045, 0.05, and 0.055 m. The effects of relative opening with and without
a vertical plate on the axial flow velocity, velocity distribution around the opening, water-air volume fraction,
and maximum hydrodynamic efficiency are studied exclusively.

Effect on axial flow velocity

Figures 7, 8, 9, 10 show the comparative representation of axial flow velocity (v,) for different wave heights over
flat and uneven bottom conditions. The influence of uneven bottom and wave parameters on axial flow velocity
(v,) has been noticed below the vertical thin plate and at a distance of x=4.2 m from the inlet of the NWT. As
shown in Fig. 7, for H=0.04 m, the axial flow velocity component (v, ) is highest in Case 3 and exceeds that of the
others at a wave period of T=1.87s. This observation proved that non-linear wave attained the maximum axial
flow velocity (v ) below the plate for H=0.05 m. The axial flow velocity (v ) increases with increasing time period
for all wave heights, but follows a negative trend at the highest time period, T=2s. It indicates dominant wave
energy dispersion at higher time period, decreasing near-plate momentum transfer. Therefore, it is noticed that
axial flow velocity (v,) depends on the wave height, slope, and height of the bottom structure. The graph of axial
flow velocity (v ) presents a periodic nature. The kinetic energy of propagating waves is greatest at z=0 m (free
surface) and decreases towards the bottom of the NWT. The bottom kinetic energy of propagating waves, on the
other hand, is redirected by introducing an uneven bottom of appropriate size and shape. The axial flow velocity
(v,) is notably greater under uneven bottom conditions compared to a flat bottom. Similarly, in Fig. 8-10, for
H=0.045, 0.05, and 0.055 m, axial flow velocity (v,) are higher for Case 3 compared to other cases. The axial
flow velocity (v,) beneath the plate from the wave maker exhibits a notable increase as the incoming wave height
rises. The dominance of Case 3 indicates better wave-structure interaction and higher momentum transfer
below the vertical plate. The relative opening is a critical geometrical parameter that affects the efficiency of the
WEC system. Figure 11 represents the variation of maximum axial velocity with time periods. The maximum
axial velocity follows a positive trend till T=1.87s and attained a maximum value of 0.297 m/s for Case 3 and
H=0.055 m. Compared to the flat bottom, a 14.6% higher velocity is achieved with Case 3. It implies that the
alterations in the seabed topography increase local acceleration of water, and it is maximum under higher wave
height condition.

Effect on velocity vector distribution

The velocity-vector fields presented in Fig. 12 reveal a distinct difference in the hydrodynamic behavior
between the flat-bottom configuration and the modified seabed layout (Case 1) in STVP Configuration. As all
the modified seabed cases following same trend in momentum transfer, Case 1 is selected for the comparison.
In the flat-bottom case, the incoming flow remains relatively uniform with weak, scattered vortical structures
throughout the simulation, indicating limited wave-structure interaction. In contrast, Case 1 demonstrates a
clear intensification of flow dynamics. Between time-steps, t=2-3 s, a well-defined recirculation cell develops
near the seabed opening, accompanied by elevated velocity gradients concentrated along the lower portion of
the thin submerged vertical plate. This indicates that the opening effectively redirects and channels the incoming
wave energy beneath the STVP. As the simulation progresses to t=4-7 s, the flat-bottom case continues to
exhibit mild shear and weak recirculation that does not significantly influence energy transport. However,
Case 1 shows the emergence of a strong downstream vortex that increases in strength and spatial extent, along
with high-velocity jets near the plate tip and at the outlet of the seabed opening. By t=8-10 s, multiple large
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Fig. 7. Comparison of axial flow velocity (v,) for different time period over flat and uneven bottom conditions
at x=4.2 m below the vertical plate for H=0.04 m.

and coherent vortices dominate the interaction zone, and the velocity field reaches its maximum intensities,
particularly below and behind the plate. These persistent, high-energy rotational structures demonstrate that the
seabed opening effectively traps, accelerates, and redirects wave-induced momentum beneath the plate, thereby
enhancing hydrodynamic loading and oscillatory response. This localized concentration of kinetic energy
significantly improves the energy-capture potential of the system. For axial-turbine-based STVP configurations
WEQ, the increased near-plate velocities and strengthened vortices directly translate to higher excitation forces
and improved power extraction. Importantly, this hydrodynamic enhancement is achieved passively through
seabed geometry modification alone, offering a practical and cost-efficient strategy to increase overall WEC
performance without altering the device structure.

Effect on wave propagation

The phase diagrams shown in Fig. 13 further confirm the influence of the seabed opening on wave-structure
interaction. For the flat-bottom condition, the free surface remains nearly linear with minimal disturbance
near the plate, indicating weak coupling between the incident wave and the STVP. In Case 1, however, a
distinct upward displacement of the free surface develops near the plate from t=3-5 s, caused by localized
wave focusing and pressure amplification induced by the seabed geometry. This elevated interface demonstrates
that the modified bathymetry increases wave momentum transfer into the interaction zone. Such free-surface
amplification is beneficial in real WEC deployments because it enhances the effective wave height acting on the
device, enabling higher energy capture even under moderate sea states. The improved phase response, therefore,
highlights the practical advantage of integrating seabed modifications to passively strengthen the energy
available for conversion. Together, these hydrodynamic enhancements confirm that Case 1 offers superior
efficiency compared to the flat-bottom configuration, establishing seabed-geometry optimization as a practical
and effective strategy for improving real-world wave energy conversion performance.

Effect on hydrodynamic efficiency

This computational investigation analyses the performance of an STVP WEC for four distinct relative openings
() and four wave heights (H). Figure 14 portrays the variation of hydrodynamic efficiency with time period
for varied o and H at d=0.4 m. Consequently, the efficiency of the WEC augments with the escalation of wave
heights. The plate itself, without any structure forms below (flat bottom), has a maximum efficiency of 25.73%
for wave height H=0.04 m and relative opening «,=62.5%. Further, the effect of relative opening is analysed
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Fig. 8. Comparison of axial flow velocity (v,) for different time period over flat and uneven bottom conditions
at x=4.2 m below the vertical plate for H=0.045 m.

with different incoming wave height conditions. The highest efficiency value, reaching 34.9%, is achieved by
positioning a trapezoidal structure below the plate, with the distance between the top surface of the trapezoidal
structure and the bottom of the vertical plate set to 0.2 m. This configuration corresponds to Case 1, where the
relative opening «, is set to 50%. The efficiency value is obtained to be small for all incoming wave heights for the
short time periods. The maximum value of efficiency is recorded for the time period T'=1.87s. For a higher time
period, the magnitude of efficiency is low once more for all wave heights. When the efficiencies of Case 1, Case
2, Case 3 in which the trapezoidal form makes a passage of 0.2 m, 0.175 m, and 0.15 m below the plate where
water flows are compared with flat bottom conditions, Case 1 seems to be more efficient for all wavelengths.
The highest efficiency is observed in Case 1 («,=50%) at a time period of T'=1.87s for all wave heights. This
suggests that a trapezoidal structure is preferable to a flat bottom. Therefore, the outcome for H=0.055 m would
be advantageous for practical applications. This suggests that deploying a trapezoidal structure with a relative
opening a,=50% would be a superior choice in terms of maximizing efficiency.

Conclusion

The current study investigates the hydrodynamic efficiency of an STVP-type WEC utilizing NW'T, varying the
relative openings, wave parameters, and variable topology. An NWT model is generated in ANSYS software. The
VOF approach is utilized to monitor and track the interface between two fluids. Nonlinear waves are generated
by employing an inflow velocity approach combined with Dirichlet BC implemented in the NWT. The influence
of relative opening and wave steepness (H/L) on uneven seabed on hydrodynamic efficiency was analyzed and
compared with the flat bottom case. The following concluding remarks are figured out from the above research
study.

o The performance of STVP WEC is dependent on H/L and a.

o The wave energy is relatively higher for the large wave height (H) with uneven bottom conditions.

« 'The relative opening (e,) of 50% showed better hydrodynamic efficiency compared to other relative openings
and a flat bottom.

+ Axial flow velocity (v ) shows a higher value at T=1.87s for H=0.055 m.

« 'The highest computed efficiency is reached when relative opening («,) is 50%, and the time period T'=1.87s.
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Fig. 9. Comparison of axial flow velocity (v,) for different time period over flat and uneven bottom conditions
at x=4.2 m below the vertical plate for H=0.05 m.
Thus, the result for H=0.055 m and T'=1.87s would be advantageous for applications, suggesting that installing
with a relative opening a,=50% would offer superior hydrodynamic performance. As a result, the presented
STVP-type WEC can be efficiently employed for extracting wave energy with suitable dimensions. Therefore,
the present research will confirm that STVP-type WEC will be more commonly employed in the future for the
extraction of renewable energy.
Limitations of the present study and future scope
In the present computational study, waves were generated using standard wave height and wavelength in
intermediate water depth, with validation based on the Le Mehaute'® and Fenton graph?’, demonstrating
appropriate application of wave theory. However, in real ocean conditions, wave characteristics are not constant;
they are influenced by various factors such as environmental conditions and the geological features of the region.
The present study will be extended, incorporating the following aspects:
o Researchers can explore the potential of WECs in shallow and deep-water conditions with varying wave char-
acteristics, tailored to specific application scenarios.
« Given the uneven nature of the ocean bed, future studies can further investigate the impact of seabed topog-
raphy other than trapezoidal on the hydrodynamic efficiency of WECs.
Scientific Reports|  (2026) 16:14854 | https://doi.org/10.1038/s41598-026-38433-7

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

— Flat boltom = ===~ Case | s Case 2 === Case 3
0.10
0.05
~
£
0.00
=
-0.05
-0.10 4
a) H=0.055m, 7=1.16s
15 16 17 4 (s) 18 19

Cage 2= Case 3

b) H-0.055m, T-1.5s
15 16

T T
17 1(s) 18

: - /. :
0.354¢) 1-0.055m, 7-1.87s d) 11=0.055m, T=2s
-0.40 T T T T -0.30 T T T T
15 16 17 4(s) 18 19 20 15 16 17 4(s) '8 19 20
Fig. 10. Comparison of axial flow velocity (v,) for different time period over flat and uneven bottom
conditions at x=4.2 m below the vertical plate for H=0.055 m.
0.35 0.35
030 4 Flat bottom H=0.04 m 030 1 Flat bottom H=0045m
mCase 1 mCase 1
0.25 {m=Case2 2 025 { mCase2
~ 020 ]®Case3 8 0.20 | ®Case3
wn - N - N
S
E’ 0.15 - 3015
g -
7 0.10 4 0.10 -
0'05 - 0'05 - IIL
0.00 +— IIL 0.00
1.16 15 1.87 2 1.16 15 1.87 2
T(s) T(s)
0.35 0.35
030 4 Flat bottom H=005m 030 4 Flat bottom H=0.055m
’ mCase 1 ’ mCase 1
. 0.25 qmCase2 0.25 {=Case2
» mCase 3 -~ m Case 3
g 020 o 0.20 A
3 E
% 0.15 4 % 0.15 -
= 010 1 010 1
0.05 1 III 0.05 - III
0.00 +— 0.00 -
1.16 15 1.87 2 1.16 1.5 1.87 2
T(s) T(s)
Fig. 11. Variation of maximum axial flow velocity with time period for different wave height.
Scientific Reports|  (2026) 16:14854 | https://doi.org/10.1038/s41598-026-38433-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Flat Bottom Case |
Velocity Vector (ms) Velocity Vector (mis)
0 02 04 06 08 [ ol 02 03 04 05
a) 5 | 0 b) | o
Pl -02
2 = - 2
H - 02 g

04

r
o
2

z

»

35 *m) 45 55

g -
2 £ 02 £ .2
£ - &
T b4
I_. 0.4
35 *(m) a5 55 " 35 xm 45 5.5

=9 sec =8 sec 1=7 sec 16 sec =5 sec =4 sec =3 sec

=10 sec

35 X(m)

Fig. 12. Velocity vector fields at successive flow times (t) for the Flat Bottom and Case 1 configurations at
H=0.055 m with a wave period of T'=2s.

Scientific Reports|  (2026) 16:14854 | https://doi.org/10.1038/s41598-026-38433-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Flat Bottom Case |
Volume Fraction
0 0r 02 03 04 0
Pl
E E
< o
|-
: -
g
- o
T -
L

=2 sec
I_. : (m)

§ }
H

-z

T ¢

_—

g

§

T

L

]

=5 sec

1=6 sec

=8 sec =7 sec

1=9 sec

=10 sec

Fig. 13. Wave propagation over time for flat bottom and Case 1 at T=2 s at relative water depth d=0.4 m.

Scientific Reports|  (2026) 16:14854 | https://doi.org/10.1038/s41598-026-38433-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10 40
35 4 Flat bottom H=004 m 35 Flat Bottom H=0.045m
mCase | “as
30 - Caced 30 | mCase |
= R = » Case 2
&€ 254 mCase3 e 25
g - m Case 3
=3 3
g 20 1 g 20 1
3 ]
S 15 A E 15
A )
10 1 10
5 1 I 5 1
ol Mmm ol W Memm
1.16 1.5 1.87 2 1.16 1.5 1.87 2
T(s) T(s)
40 40
35 4 Flat Bottom H=005m 35 Flat Bottom H=0.055m
mCase ] ® Case |
_ 301 wcase2 _ 301 wcase2
£ 254 mCase3 £ 254 wmCase3
[y [y
g 20 £ 201
2 g
2 15 2 154
10 4 10 4
5 5
0l W Memwm | o 1 -
1.16 1.5 1.87 2 1.16 1.5 1.87 2
T(s) T(s)
Fig. 14. Hydrodynamic efficiency versus time period (T) for different relative opening («) at relative water
depth d=0.4 m.
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