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Abstract

The development of renewable energy in the marine power generation sector presents a promis-
ing approach to producing electrical energy in a sustainable and environmentally friendly man-
ner. Indonesia, with its vast oceanic territory, holds significant potential for harnessing marine
energy. However, the relatively slow speed of ocean currents in the region, typically ranging from
0.1 m/sto 1.5 m/s, poses a challenge to the efficiency of marine power generation. To overcome
this limitation, this research focuses on the design and analysis of a vertical-axis ocean current
turbine tunnel aimed at increasing the speed of ocean currents, thereby enhancing the overall
efficiency of energy production. The study combines a thorough literature review with experi-
mental research methods, utilizing SolidWorks Computational Fluid Dynamics (CFD) software to
simulate the tunnel's impact on ocean current velocity. The simulations reveal that the tunnel
construction significantly boosts current speeds, increasing them from 1.0 m/s to 1.7 m/s, and
from 1.5 m/s to 2.6 m/s. This increase in velocity directly translates to higher kinetic energy avail-
able for conversion into electrical power by the turbine. Moreover, the study shows that the tunnel
construction contributes to a more uniform flow of ocean currents, as evidenced by the Reynolds
numbers obtained—100.250 at a current speed of 1.0 m/s and 150.375 at 1.5 m/s. These values,
being below 2000, indicate laminar flow conditions within the tunnel, which are beneficial for op-
timizing turbine performance by reducing turbulence and ensuring a stable energy output. The
findings underscore the effectiveness of the tunnel design in improving the efficiency of vertical-
axis ocean current turbines, making it a viable solution for enhancing renewable energy produc-
tion in regions with low ocean current speeds.

Article Info:

Received: 11 June 2024

Revised: 7 July 2024

Accepted: 13 July 2024
Available online: 31 August 2024

Keywords:

Vertical-axis ocean current tur-
bine; renewable energy; tunnel
construction; CFD; laminar flow

© 2024 The Author(s). Pub-
lished by Universitas Mercu
Buana (Indonesia). Thisis an
open-access article under CC
BY-SA License.

1. Introduction

How to cite:

H. Gunawan, and N. Ruhyat, "De-
sign and analysis of a vertical axis
ocean current turbine tunnel using
SolidWorks computational fluid
dynamics," Int. J. Innov. Mech. Eng.
Adv. Mater, vol. 6, no. 1, pp. 38-45,
2024

Energy availability is a critical issue that plays a central role in achieving economic, ecological,
and social development goals, all of which are integral to efforts such as the Renewable Energy
Based on Industrial Development (RE-BID) initiative. Renewable energy sources, particularly marine
energy, present a promising solution to the growing energy demands of the modern world [1]. Indo-
nesia, with its vast oceanic territory covering two-thirds of the nation's area, is particularly well-posi-
tioned to harness marine energy. The country's unique geographical configuration, characterized by
numerous straits, provides substantial potential for generating electricity from ocean currents,
wherein the kinetic energy of flowing water is converted into electrical power through turbines. This
potential is vital given the increasing energy needs driven by rapid population growth and the gradual
depletion of fossil fuel resources [2].

However, the development of Marine Current Power Plants (MCPPs) in Indonesia faces several
challenges, particularly due to the country's limited capacity for marine energy technology [3]. The
ocean currents in most Indonesian waters are relatively slow, generally less than 1.5 m/s, with a few
exceptions where the current speed can reach up to 5 m/s in certain straits [4]. This poses a signifi-
cant challenge for the efficient operation of marine turbines, which typically require higher flow ve-
locities for optimal performance. While there has been considerable research on marine energy
technologies, a significant gap exists in applying these technologies to the specific conditions of
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Indonesian waters. Much of the existing research has been conducted in regions with stronger and
more consistent ocean currents, which are not representative of the majority of Indonesia’s marine
environments. Additionally, most studies have focused on horizontal-axis turbines, which may not
be the most effective design for areas with lower current speeds and fluctuating flow conditions [5].

A critical gap also lies in the design and implementation of flow augmentation technologies,
such as tunnels or diffusers, which can significantly enhance the performance of turbines in low-
speed current environments [6]. While augmented diffusers have been shown to improve turbine ef-
ficiency in some cases, there is a lack of comprehensive studies exploring their application to verti-
cal-axis turbines, especially those designed for the specific conditions of Indonesian waters. Ad-
vances in Computational Fluid Dynamics (CFD) have allowed for more accurate simulations of fluid
flow in complex environments, which is essential for optimizing turbine designs [7]. Research has
demonstrated that factors such as turbulence intensity and non-uniform inflow profiles can greatly
impact the performance of ocean current turbines [8]. Studies using CFD have investigated various
design modifications, including the addition of flanged channels and augmented diffusers, to im-
prove turbine efficiency [9]. However, most of these studies are focused on environments with higher
current speeds or use simplified models that do not fully account for the complexities of Indonesian
waters.

Turbines equipped with flanged channels have been shown to significantly enhance power out-
putin tidal flow applications [10]. Additionally, the use of augmented diffusers has proven to be more
efficient than using turbines without such enhancements [11]. This evidence highlights the im-
portance of incorporating tunnel constructions that can increase the speed of ocean currents,
thereby boosting turbine performance. However, there remains a notable gap in research specifically
focused on the design of tunnel constructions for vertical-axis ocean current turbines that are tai-
lored to the unique geographical and oceanic conditions of Indonesia.

To address these gaps, the present study aims to design and simulate a vertical-axis ocean cur-
rent turbine with a tunnel construction specifically tailored to the conditions found in Indonesian ma-
rine environments. The tunnel is intended to increase the speed of ocean currents as they enter the
turbine, thereby enhancing turbine performance. Through CFD simulations, this research seeks to
provide a deeper understanding of the potential benefits of tunnel-augmented vertical-axis turbines
in low-speed marine environments. This study represents a crucial step toward developing more ef-
ficient and sustainable marine current power plants in Indonesia.

2. Methods

The research methodology for this study was divided into two main components: the literature
review and the simulation-based experimental research.

The literature review serves as the foundational stage of the research, where relevant materials
are gathered and analyzed to provide theoretical support for the study. This stage involves a thorough
review of existing research, focusing on previous studies related to marine current turbines, tunnel
constructions, and flow augmentation techniques. The goal is to identify gaps in the current
knowledge, particularly those related to the application of these technologies in Indonesian waters,
and to establish a solid theoretical framework that guides the subsequent experimental work.

The experimental component of the research is carried out using simulation methods, specifi-
cally through the application of SolidWorks 2018 software for Computational Fluid Dynamics (CFD)
analysis. This stage involves the design and testing of a vertical-axis ocean current turbine tunnel.
The process begins with the creation of a detailed construction design of the tunnel using SolidWorks
software. The design phase is followed by a series of simulations that replicate the conditions of In-
donesian sea currents. These simulations are carefully controlled to test the impact of the tunnel on
the speed of ocean currents as they enter the turbine, with the primary objective of enhancing the
turbine's performance.

To ensure the replicability of the study, all materials and tools used in the research are clearly
identified. The key equipmentincludes the SolidWorks CFD application, version 2018, which is used
to model and simulate the fluid dynamics of the tunnel and turbine system. The simulations are
based on real data from Indonesian sea currents, ensuring that the results are relevant and applica-
ble to the specific geographical context of the study.

The research design is methodically structured, beginning with the construction of the vertical-
axis ocean current turbine tunnel model, followed by the execution of simulations using SolidWorks
Simulation. Each step is carefully documented, and the design parameters, including tunnel dimen-
sions and flow conditions, are systematically adjusted to observe their effects on the speed of ocean
currents and the resulting turbine performance. The results of these simulations provide insights into
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the potential benefits of using tunnel constructions in vertical-axis ocean current turbines, particu-
larly in regions with lower current speeds like those found in Indonesia.
The design of the tunnel construction can be seen in figure 1.
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Figure 1. Tunnel

Meanwhile, the dimensions of the tunnel construction design are shown in Table 1.

Table 1. Tunnel Dimensions

Specifications Size
Tunnel length 160cm
Width in tunnel 70cm
Tunnel Outer Width 120cm
Tunnel height 50cm
Length tunnel flow chamber 80cm
Tunnel opening angle 30°

2.3. Calculation

To calculate the Reynolds number, it is essential to know the fluid's density, the velocity of the
current, the length of the tunnel, and the dynamic viscosity. These factors significantly influence the
flow characteristics within the tunnel, making the Reynolds number a crucial parameter in this con-
text. The calculation is performed using the following equation [12].

_ o
U

Re 1)
Where:

p = density (Kg/m®)

v =velocity (m/s)

p =long (m)

U = viscosity dynamics (Kg/ms)

Fluid flow discharge is a key parameter used to calculate the velocity of fluid flow. The dis-
charge, or flow rate, can be determined using the following equation:

Q=AV @)

Where:
Q =discharge flow (m?/s)
A = cross-sectional area (m?)
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V =velocity (m/s)

In this study, the continuity equation was applied to determine the flow rate of fluid within the
tunnel designed by the author. According to this principle, for a solid, incompressible fluid, the dis-
charge (flow rate) remains constant at every point along the tunnel. This implies that the flow rate of
the fluid is inversely proportional to the cross-sectional area of the tunnel. In simpler terms, as the
cross-sectional area through which the fluid flows increase, the velocity of the fluid decreases; con-
versely, as the cross-sectional area decreases, the velocity of the fluid increases. This relationship is
mathematically represented by the continuity equation:

A1V1 = Asz (3)

Where:
A; and A; are the cross-sectional areas at two different points along the tunnel (mz).
Vi and V; are the fluid velocities at those respective points (m/s).

2.4. Tunnel simulation

The simulation process in this study utilizes SolidWorks Flow Simulation, a Computational Fluid
Dynamics (CFD) tool, which is employed to predict fluid flow patterns, heat transfer, chemical reac-
tions, and other related phenomena by solving complex mathematical equations and models. CFD
provides a powerful method for analyzing the behavior of fluid flows within the tunnel and its impact
onthe performance of the ocean currentturbine. The calculations involved in this simulation process
generally rely on fundamental equations governing energy, momentum, and continuity [13].

The design simulation specifically incorporates current velocity data reflective of actual ocean
currents, as presented in Table 2. This data is crucial for ensuring that the simulation accurately rep-
resents real-world conditions, allowing for a more precise analysis of how the tunnel construction
affects fluid dynamics and turbine efficiency.

Table 2. Ocean current variation input

Ocean Current Units
1.0 m/s
1.5 m/s

In the tunnel construction simulation, the primary parameters under investigation include the
current speed and the continuity of fluid flow within the tunnel. The objective is to evaluate whether
the tunnel construction can effectively increase the velocity of the ocean current, thereby enhancing
the turbine's efficiency.

The simulation process is divided into four key stages: Wizard, Setup, Solver, and Result.

1. Wizard: In this initial stage, the relevant condition data is entered into the simulation software
to ensure that the virtual experiment closely mirrors real-world conditions. This setup is crucial
for achieving accurate and reliable results.

2. Setup: This stage involves configuring the specific parameters of the simulation, such as defin-
ing the computational domain, setting up boundary conditions, and specifying the regions of in-
terestwithin the tunnel. Careful setup is essential to accurately model the physical environment
and the fluid dynamics within the tunnel.

3. Solver: During this stage, the simulation software processes the input data using numerical
methods to solve the equations governing fluid flow, energy, and momentum. This computa-
tional step is where the software calculates the effects of the tunnel construction on the current
velocity.

4. Result: Finally, the simulation results are analyzed and interpreted. This stage includes visual-
izing the flow patterns, current velocity distributions, and other key outcomes that indicate
whether the tunnel construction has successfully increased the current speed, thus potentially
improving turbine efficiency.

During the setup stage, various settings are configured to address the specific problems under
analysis. The simulation focuses on fluid flow at two different speed variations: 1.0 m/s and 1.5 m/s.
This stage involves crucial steps, including defining the computational domains, configuring rotating
regions, setting boundary conditions, and establishing the goals to be achieved. These configurations
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ensure that the simulation accurately reflects real-world conditions and provides meaningful data
for analysis.

In the subsequent solver stage, the SolidWorks Flow Simulation application performs numeri-
cal calculations. At this point, the simulation applies key formulas, including the Reynolds number
calculation, fluid flow discharge, and the continuity equation. Once these inputs are set, the simula-
tion process is initiated by running the tool.

The final stage is the result stage, where the outcomes of the numerical calculations are dis-
played. This stage involves visualizing the results through various tools such as Cut Plot, Flow Trajec-
tories, Surface Plot, and Goals. These visualizations allow for a detailed analysis of the simulation
results. Additionally, the desired data can be easily exported to MS Excel for further examination and
reporting.

3. Results and Discussion

This study focuses on analyzing the results of the simulation for the tunnel construction of an
ocean current power plant, tailored to the specific characteristics of sea currents in Indonesia. The
simulation, conducted using SolidWorks Computational Fluid Dynamics (CFD), aims to evaluate the
effectiveness of the tunnel design. The primary objective is to determine the performance parame-
ters of the tunnel construction, specifically its ability to enhance current velocity, and to assess the
results derived from the associated calculations [14].

The calculation of the Reynolds number, a critical parameter for understanding fluid flow be-
havior, was also included in the analysis. The outcomes of these calculations are presented in Table
3, offering valuable insights into the flow dynamics within the tunnel.

Table 3. Reynolds number calculation

Velocity Reynolds Number
1.0m/s 100.250
1.5m/s 150.375

In Table 3, the Reynolds number is calculated to be 100.250 at a current velocity of 1.0 m/s, and
150.375 at a current velocity of 1.5 m/s. These values indicate that the flow within the tunnel is lami-
nar, as the Reynolds number is below the critical threshold of 2000.

Further calculations using the fluid flow discharge formula were performed to determine the dis-
charge value of the ocean current entering the tunnel of the vertical-axis ocean current turbine. The
results of these calculations are presented in Table 4, providing additional insights into the flow char-
acteristics within the tunnel.

Table 4. Fluid flow discharge calculation

Velocity Debit
1.0m/s 0.63m%s
1.5m/s 0.91m%s

While the results of the calculation in finding the value of the continuity equation, the calcula-
tion results can be seenin table 5.

Table 5. Continuity calculation

Velocity Continuity
1.0m/s 1.71m/s
1.5m/s 2.57m/s

The continuity equation demonstrates that the speed of the incoming current has increased, with
the initial velocity of 1.0 m/s rising to 1.71 m/s, and at an initial speed of 1.5 m/s, it increases to 2.57
m/s. This indicates that the tunnel design for the vertical-axis ocean current turbine effectively boosts
the velocity of the sea current.

In the context of a vertical-axis ocean current turbine, this increase in current speed is crucial.
The kinetic energy of the fluid flow, whichis converted into mechanical energy by the turbine, is directly
proportional to the velocity of the fluid. Therefore, anincrease in flow velocity leads to a corresponding
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increase in kinetic energy, enabling the turbine to generate more power. This enhancementin current
speed is essential for maximizing the efficiency and output of the turbine.

3.1. Discussion experimental result tunnel

In a previous study by Matheus Nunes et al. (2020), a systematic review of augmented diffusers
applied to horizontal-axis ocean current turbines demonstrated that turbines equipped with aug-
mented diffusers achieved significantly higher efficiency compared to those without diffusers [11].
Similarly, research ontidal turbines with flanged channels revealed a notable improvementin power
output performance [10]. Building on these findings, the current analysis focuses on the design of a
vertical-axis ocean current turbine tunnel using 3-dimensional simulation through SolidWorks Com-
putational Fluid Dynamics (CFD). This analysis aims to determine the most suitable design concept
and assess its impact on increasing ocean current speeds.

In contrast to this study, Roman Gabl et al. (2022) conducted a 2-dimensional simulation using
a cross-flow turbine with a venturi design [15]. The current research, however, specifically investi-
gates the vertical-axis turbine with a tunnel construction. The goals of this simulation include evalu-
ating the effectiveness of the tunnelin enhancing current velocity.

The results from the tunnel construction simulation at a current velocity of 1.0 m/s were ana-
lyzed using CFD, with the cut-plot velocity illustrated in Figure 2. These results provide crucial in-
sights into how the tunnel design impacts the speed of the ocean currents, contributing to the overall
efficiency of the vertical-axis ocean current turbine.

2,000
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Figure 2. Cut-plotvelocity (m/s) V 1,0 m/s

The simulation of the vertical-axis ocean current turbine tunnel demonstrates a significant in-
crease in the speed of the ocean current after passing through the tunnel construction. Initially, the
ocean current had a velocity of 1.0 m/s, as indicated by the green flow area in the simulation image.
Upon entering the middle section of the tunnel, the current speed visibly increases, transitioning to
an orange area, which corresponds to a velocity increase to 1.8 m/s. This increase is a direct result
of the reduction in the cross-sectional area of the flow within the tunnel, consistent with the continu-
ity equation. According to this principle, the volumetric flow rate must remain constant, so when the
cross-sectional area decreases, the velocity of the current mustincrease to maintain the same flow
rate. These simulation results highlight the effectiveness of the tunnel design in accelerating ocean
currents, which in turn has the potential to enhance the performance of vertical-axis ocean current
turbines.

The methodology employed to calculate the increase in ocean current velocity through the tun-
nel construction is based on the continuity equation and other fundamental fluid mechanics con-
cepts. The process begins by defining the system and the assumptions, including the initial and final
cross-sectional areas and the corresponding current velocities.

In a separate simulation with an initial current velocity of 1.5 m/s, the results further demon-
strate the effectiveness of the tunnel design. The Computational Fluid Dynamics (CFD) simulation
revealed the cut-plot velocity, as shown in Figure 7, illustrating the increase in current speed as it
flows through the tunnel. These findings underscore the tunnel's capability to enhance current ve-
locities, which is crucial for optimizing the performance of vertical-axis ocean current turbines.
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Figure 3. Cut-plotvelocity (m/s) V 1,5 m/s

The simulation results demonstrate a significant increase in ocean current speed after entering
the tunnel construction. Initially, the current had a velocity of 1.5 m/s, represented by the green flow
area in the simulation. After passing through the tunnel, the current speed increased to 2.6 m/s, as
indicated by the orange flow area in the color graph. According to the continuity equation, which states
that the volumetric flow rate must remain constant, this increase in velocity corresponds to a ratio of
the cross-sectional area of 1.73. Computational simulations, such as those performed using Compu-
tational Fluid Dynamics (CFD), are crucial for modeling and verifying these theoretical calculations.
These simulations account for boundary conditions and velocity distributions within the tunnel, en-
suring that the increase in ocean current speed is accurately calculated and supporting an effective
tunnel system design.

The experimental data from the study further supports these findings. Analysis of two experi-
ments with different ocean current speed variations indicates a consistent increase in current speed
as it enters the tunnel. This acceleration is a key factor in improving the performance of the vertical-
axis ocean current turbine installed in the tunnel. As the speed of the ocean current increases, the
kinetic energy available for conversion into mechanical energy by the turbine also rises, leading to
higher energy output. The experimental data also reveal a positive correlation between ocean current
speed and turbine performance, confirming that higher current speeds resultin more optimal electric-
ity generation by the turbine.

The results of the tunnel construction data analysis are presented in the form of graphs, which
provide a clear comparison of the simulation outcomes for different ocean current speeds. These
graphs are essential for visually interpreting the simulation data, allowing for an easier understanding
of how the tunnel construction affects ocean current velocities under varying conditions.

The comparative graph of the two simulations, which were conducted at different initial ocean
current velocities, reveals an interesting pattern of speed increases. For an initial ocean current veloc-
ity of 1.0 m/s, the graph shows a relatively modest but noticeable increase in speed. In contrast, when
the initial ocean current velocity is 1.5 m/s, the graph indicates a more pronounced acceleration. This
suggests that stronger currents tend to experience greater acceleration within the tunnel. This phe-
nomenon can be attributed to factors such as the increased thrust generated by faster-moving cur-
rents and potential synergistic effects with other environmental factors, which collectively enhance
the performance of the tunnelin boosting current velocities.

4. Conclusions

The research and design of the vertical-axis ocean current turbine tunnel have shown that the
tunnel construction effectively increases the speed of ocean currents as they pass through the sys-
tem. The tunnel successfully raises the current velocity from 1.0 m/sto 1.8 m/s, and from 1.5 m/s to
2.6 m/s. This enhancement in current speed has the potential to significantly boost the performance
of vertical-axis ocean current turbines, as the turbine’s efficiency is closely tied to the velocity of the
ocean currents. The increase in flow velocity results in greater kinetic energy available for conversion
into electrical power, thereby improving the turbine's overall output.
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Additionally, the study confirms that the tunnel construction contributes to a more uniform flow
of ocean currents, which is reflected in the calculated Reynolds numbers. With Reynolds numbers
of 100.250 at a current speed of 1.0 m/s and 150.375 at 1.5 m/s, the flow within the tunnel remains
laminar. This laminar flow is beneficial for consistent turbine operation, as it minimizes turbulence
and enhances the efficiency of energy conversion. The findings underscore the effectiveness of tun-
nel construction in optimizing the performance of vertical-axis ocean current turbines.
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