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Abstract: This study involves an experimental and numerical analysis of the Hunter turbine, a
vertical axis turbine utilized for tidal energy. A laboratory model of the Hunter turbine, featuring
an aspect ratio of 1.2, was designed and tested. Numerical equations, including the Reynolds-
averaged Navier–Stokes (RANS) constant, were analyzed through computational fluid dynamics
(CFD) software using the k-ω turbulence model to forecast turbine performance and other related flow
specifications, such as pressure lines, stream velocity, and pressure. This simulation was conducted
on the surface of the turbine blade, and the results were obtained accordingly. The experimental data
were utilized to verify the numerical results, and the difference between the two was reasonably
acceptable. The turbine was studied in six different flow coefficients and four different vertical
positions. The results indicated that the power coefficient increased as the submerged depth from a
water-free surface increased, and after a specific depth, the output power remained constant. It was
also observed that the minimum depth from a water-free surface for maximum power coefficient was
three times the diameter of the turbine drum (3D).

Keywords: computational fluid dynamic; tidal turbine; Hunter turbine; submerged depth effect;
vertical axis turbine

1. Introduction

Climate change and energy security are two factors that have contributed to a global
energy crisis. To address these issues, reducing fossil energy consumption and greenhouse
gas emissions is one of the most critical factors. Rising energy efficiency and utilizing
renewable energy (RE) sources, such as wind, solar, waves, and geothermal, can help de-
crease greenhouse gases [1,2]. One of the key ways to encourage industries to use REs is by
determining environmental limits, such as greenhouse gases and global warming problems.
Over the years, researchers have studied ocean waves, which are one of the most important
sources of RE [3–5]. Compared to conventional energy sources, renewable energies are
typically not economical. As a result, researchers and engineers are continuously designing
low-cost machines with higher efficiencies and lower costs [5,6]. Hydro-kinetic conversion
systems can be suitable for harnessing energy from tidal currents or artificially constructed
water channels. Several studies have demonstrated that on-land water resources can be
utilized for energy harvesting [6,7]. One of the advantages of tidal energy is that it can
be produced by placing turbines in the path of waves [8,9]. Although typical maximum
tidal currents are around 3 m/s, wind speeds may reach 12 m/s. Comparing dynamic
pressures, they are still higher in water, which means that the dimensions of tidal turbines
can be smaller than those of wind turbines for the same power output. The development
of turbines, support structures, and cabling to land are the most critical factors for the
development of tidal energy [10–13].
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Tidal turbines can be classified into two types: horizontal axis tidal turbines (HATT)
and vertical axis tidal turbines (VATT). So far, almost all tidal energy projects have primarily
used HATT due to its advancements in wind energy technology. However, VATTs have
various benefits for achieving tidal energy. Firstly, they operate independently of the
flow direction. Secondly, their rotation speed is lower compared to HATTs, making them
more efficient at low tidal speeds when the speed is less. Thirdly, they can be used
better in shallow tidal currents because they can maximize the use of the available cross-
sectional area [14,15]. However, VATTs also have some weaknesses, such as lower efficiency
compared to HATTs and more difficulty in starting the work [15].

A new type of HATT is the Hunter turbine, which was invented by John Hunter to
extract energy from a river or ocean stream [14]. The turbine consists of various flapping
blades attached to a rotating drum. The turbine operates by opening the flapping blades
when the impact flow hits the side of the drum, and the blades on the other side are allowed
to flow by the current as long as they are controlled by the stops in the fully open situation.

Yang and Yawn conducted a study to investigate the performance of the Hunter
turbine in a standalone type compared with fixed-blade turbines. They concluded that
the optimal value of the flow coefficient was obtained in the range of 0.44 to 0.47, and the
value of the optimal power coefficient in this range was equal to 0.19 by using a numerical
simulation [16].

Chen et al. analyzed numerical simulations to analyze the impacts of a booster channel
on the performance of VATT. They simulated the flow field with FLUENT software, used
the finite volume method to solve the Reynolds-averaged Navier–Stokes equations and the
SST k-ω turbulence model, and simulated the rotation of the rotor by solving the rotational
motion equation. The results showed that for a single-channel turbine, the fluctuations of
hydrodynamic torques and rotational speeds are significantly decreased, and the output
power is 30% more than an independent turbine [17].

Sun et al. simulated the aerodynamic performance of a vertical tidal turbine with
a suitable bionic super-hydrophobic surface on airfoils. They investigated the effect of
different inlet velocities, the number of blades, and vertical tidal axis turbine solids with
suitable bionic hydrophobic surfaces. The results showed that high energy efficiency could
be enhanced by about 16.5% at the input speed U = 3 m/s. The increase in power factor is
largely due to the blade number, input velocity, and strength at small tip ratios. However,
the increase in energy efficiency could be independent of these aerodynamic factors at high
tip ratios [18].

Jing et al. conducted various experiments on VATT and provided a wealth of exper-
imental information to analyze the hydrodynamic function of turbines. They discussed
the effect of different parameters on the hydrodynamic function of turbines and proposed
control strategies for the blades of various turbines [19].

Derakhshan et al. conducted a numerical study on a horizontal axis tidal turbine
(HATT) to investigate the impact of neighbor turbine distance, duct, and turbine layout on
the power factor. The study found that the power factor increased for ducts with larger
area ratios [20].

Maduka et al. performed flume tests on flanged duct turbines in tidal currents and
found that these turbines produced 40% more power than bare turbines. However, accurate
economic estimates for these turbines are not currently available [21].

De Arcos et al. used computational fluid dynamics (CFD) software to simulate the
hydrodynamic effects of isolated flapping and torsional deformations on tidal turbine
blades. The study showed that a pressure drop on the suction side of the blade increases
the internal load [22].

Moreau et al. analyzed the environmental conditions and the effect of waves on the
operation of vertical axis tidal turbines (VATTs) in France. The study analyzed the number
of loads, frequency, and speed of waves on this type of turbine and found that VATTs are
suitable for electricity generation in these areas [23].



Water 2023, 15, 2312 3 of 18

Sun et al. used CFD software to investigate the effects of the number of blades on the
performance of VATTs. The study showed that increasing the number of blades leads to a
more homogeneous flow field and can improve efficiency at the start of operation [24].

Ma et al. investigated the hydrodynamic performance of a moving-state VATT and
found that the twin-rotor in these systems can increase the power output efficiency. The
study also found that the frequency and amplitude of the waves have less effect on the
average output power of the turbine [25].

Satrio and Utama tested a VATT in Indonesia and presented a modified example of
a VATT that has inclined vanes. The study found that this modified system has a better
self-starting capability, making it work better in low tidal flow mode [26]. Chen et al.
investigated and simulated the spatial evolution mechanism of a tidal current turbine
experimentally. They concluded after this simulation that the kinetic energy in the wake
region improves significantly in the range x = (2D, 3D) [27].

Xie et al. designed an innovative water turbine whose blades automatically open and
close under the force of ocean currents, absorbing energy from various directions. The
blades were shaped like a fish based on fluid dynamics principles, resulting in increased
efficiency in electricity generation [28].

Han et al. investigated the macroscopic characteristics of tidal turbines and optimized
their energy production farms using OpenTidalFarm software. The study concluded that
adding more turbines to the set enhances power generation by 50% [29].

Manolesos et al. explored the application of vortex generators (VGs) to improve the
performance of tidal turbines. The research results showed that VGs shorter than the
local boundary layer can enhance blade profile performance and successfully reduce flow
separation [30].

Wang et al. conducted an analysis and simulation of a new method to test the perfor-
mance of a 300 W counter-rotating horizontal axis tidal turbine (HATT) using computational
fluid dynamics (CFD). The findings were consistent between CFD predictions and labo-
ratory data, and the turbine performed optimally at a blade tip speed ratio of 6–10 [31].
Samadi et al. investigated a hybrid turbine consisting of a new turbine with semi-cylindrical
deflectors and a Savino’s turbine in the Qeshm channel between the Persian Gulf and the
Oman Sea to extract energy from a low-speed tidal current. Fluid dynamic analysis revealed
that combining the proposed system with Savion’s system increased power from 0.38 to
0.68 [32].

Khanjanpour and Javadi utilized the Taguchi technique to simulate vertical axis tidal
turbines (VAT). Their analysis showed that the torsion angle is the most crucial factor
affecting the hydrodynamic efficiency of the turbine, while the ratio of the chord to radius
had the least impact [33].

Yang and Lavin studied four different designs of Hunter turbines with different
ratios using numerical simulation. They concluded that 3D models produced significantly
different results from 2D models and that 3D effects cannot be ignored for accurate turbine
performance calculations. As the aspect ratio increases, the hydrodynamic parameters of the
turbine become more uniform along the entire span, and with higher flow coefficients, the
four designs exhibit similar performances and approach two-dimensional calculations [34].
Current turbines are usually installed over water streams and are exposed to various waves;
different investigations have studied the performance of a floating structure [35–37].

According to predictions, a significant number of tidal turbines will be installed at
a certain height above the water surface to allow for easy maintenance and repair of the
system. Most turbines currently available are primarily designed for shallow water currents.
However, when considering the installation of a turbine in a shallow river, placing it directly
in the riverbed can lead to potential damage from debris carried by the flowing water. Thus,
the optimal solution lies in installing the turbine at a specific elevation above the water
surface. The objective of this research study is to investigate the impact of the turbine’s
height above the water surface on its performance. By studying the relationship between
turbine height and performance, researchers can identify the optimal height that maximizes
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the turbine’s efficiency. Furthermore, understanding the effect of turbine height can help
prevent potential damage caused by debris or other materials carried by the water. By
determining the appropriate elevation, engineers can minimize the risk of turbine damage
and prolong its operational lifespan. In this study, a Hunter turbine with six movable
blades hinged on a revolving drum was manufactured and tested in a laboratory. The
researchers studied the effect of the turbine’s submerged depth on its performance. During
experiments, the turbine was submerged at four different depths, namely 1D, 2D, 3D, and
4D (where D represents the diameter of the turbine). These depths represent the distance
between the upper surface of the turbine and the water surface.

2. Methodology

To provide a detailed description of the Hunter turbine, Figure 1 highlights important
factors. R in Figure 1 denotes the blade drum’s diameter, and Rc represents the distance
between the center of the blade chord and the blade drum when the blades are opened or
closed. Additionally, Rt is the distance between the drum shaft and the fully open turbine
blade. The angle of rotation is denoted by θ in this system, and θ1 is the angle between the
flow and the drum to the center of the blade.
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To demonstrate the turbine’s function, two dimensionless parameters are defined. The
flow coefficient is calculated using Equation (1):

C f =
ωRc

U
(1)

In Equation (2), the power coefficient (Cp) is defined as the ratio of the actual power
output (P) of the turbine to the power available in the incoming water flow ( 1

2 ρAU3). The
parameters A, ρ, U, and T represent the cross-sectional area of the turbine, water density,
the velocity of the incoming flow, and the produced torque on the turbine, respectively.

Cp =
P

1/2ρAU3 =
T × ω

1/2ρAU3 (2)
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In the numerical simulation, by knowing U and ω and by solving the Reynolds-
averaged Navier–Stokes equations with Ansys CFX software to find T, Cp can be calculated.
However, in the experimental test, the water in the testing tunnel is motionless, the barge
that holds the turbine moves with a specific speed, and the produced torque on the turbine
is driven from the digital setup installed on the turbine.

Figure 2 illustrate the design parameters of the Hunter turbine and the blade positions
at various angles. It should be noted that angle θ represents the angle between the flow
direction and the end of the nearest blade to it.
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3. Setup

The turbine assembly is composed of various components, such as a lengthy main
shaft, a cylindrical body, and six blades. Figure 3 depicts that the turbine has a diameter of
100 mm, a height of 120 mm, and an aspect ratio (H/D) of 1.2. The testing channel used for
experiments had a length of 500 m and a depth of 4.5 m, as illustrated in Figure 3.
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4. Numerical Setup

The ANSYS CFX software used in this study is a completely implicit flow solver based
on the RANS solver method. This solver allows for a simultaneous solution of the equations
of motion and continuity, resulting in a more accurate and efficient solution. Additionally,
it eliminates the need for a pressure correction term to maintain mass conservation, which
is beneficial in simulating boundary layer flows typically found in vertical axis turbines.

The k-ω turbulence model was chosen for this study to analyze the Reynolds stresses
in the RANS equations because the discretization method for solving the problem was
first order upwind. Yang proved that the k-ωmodel is suitable for a flow field simulation
with a high angle of attack. Therefore, the k-ω turbulence model was selected to estimate
the Reynolds stresses of the RANS equations. In addition, the k-ω turbulence model is
known for its ability to provide accurate predictions of turbulent flow phenomena. It
is particularly effective in capturing turbulent boundary layers; furthermore, the k-ω
model excels at modeling near-wall flows, which is crucial in applications, such as turbine
design. Furthermore, compared to more advanced turbulence models, such as Large Eddy
Simulation (LES) and Direct Numerical Simulation (DNS), the k-ω model offers a good
balance between accuracy and computational efficiency [38].

The turbine was designed using SolidWorks software and tested at six different ro-
tation angles: 0, 10, 20, 30, 40, and 50 degrees. The blade positions at each angle were
determined based on experimental tests conducted by Yang and Yawn. The computational
domain of the turbine is illustrated in Figure 4.

The boundary condition for the computational domain (Figure 4) for the left, right,
and lower surface is Wall. For the inlet and outlet, the boundary condition is Normal Speed
and Average Relative Static Pressure: 0 Pa, relatively. The boundary condition of the upper
surface is Opening.

In order to simulate the flow around the Hunter turbine, it was essential to generate
appropriate grids for the computational domain. Both structured and unstructured grids
were tested, but due to the complex geometry of the turbine and its curvature, especially
during the closing, creating a structured grid proved to be complicated and difficult. There-
fore, unstructured grids with tetrahedral cells were used to discretize the computational
domain. The number of cells on the blades and the body of the turbine is illustrated in
Figures 5 and 6, respectively.
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To ensure that simulation results are independent of mesh numbers, a mesh conver-
gence test was performed at θ = 0, and the torque results as a function of grid number are
presented in Figure 7. It can be observed that for more than 1,400,000 grids, the resulting
answer becomes almost uniform, indicating that the simulation results are consistent and
not significantly influenced by the mesh size.
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5. Results and Discussion
5.1. The Performance of a Stand-Alone Turbine

To ensure the validity of the simulation results, a comparison was made between the
numerical simulation data and experimental test results. The turbine was tested at six
different flow velocities of 0.4 m/s, 0.7 m/s, 0.8 m/s, 1 m/s, 1.2 m/s, and 1.4 m/s, and the
turbine was submerged to a depth of 2D. The flow coefficients corresponding to each of the
six inlet velocities were 0.25, 0.32, 0.40, 0.46, 0.49, and 0.52.

The comparison of the overall performance between the experiments and the numeri-
cal simulation for a submerged depth of 2D is shown in Figure 8. Both experimental and
numerical results show that the turbine power coefficient first increases with increasing
flow coefficient, reaching a maximum value of Cp, and then decreases. The power coeffi-
cient obtained from the numerical solution for a flow coefficient of 0.47 was 0.185, while the
experimental data yielded a power coefficient of 0.177. The turbine reaches its maximum
performance at a flow coefficient of 0.47 for a submerged depth of 2D. The comparison of
generated power by changing the flow velocity for the experimental test and the numerical
simulation is presented in Table 1, which shows a small difference between the experi-
mental and simulation results. The difference between the experimental and numerical
simulations is because of two main factors: 1. experimental errors; 2. assumptions and
boundary conditions in the computational domain.
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Table 1. Comparison of experimental and numerical generated power.

Velocity (m/s) Power (w)—Exp. Power (w)—Nu.

0.4 0.017 0.09
0.7 0.11 0.17
0.8 0.19 0.29
1 0.44 0.53

1.2 0.58 0.78
1.4 0.89 1.06

The velocity contours and pressure contours at different angles and coefficients are
displayed in Figures 9 and 10, respectively.

As depicted in Figure 10, the pressure on Blade 2 is considerably higher at θ = 0 and
θ = 50, and it increases with the flow coefficient. However, at θ = 20, there is no significant
pressure difference on either side of Blade 2. The pressure difference across Blade 2 is
utilized to generate torque, which causes the blade to rotate around the hinge pin when
it is enlarged. The generated torque is observed to be greater at rotation angles of 0 and
50 compared to 20. At θ = 0, blades 3, 4, and 5 are almost entirely closed and contribute little
to the output torque, while only Blade 2 is fully opened and contributes significantly to the
torque. Similarly, at θ = 50, most of the output torque is produced by Blade 1, which is fully
opened at this position. Additionally, raising the flow coefficient increases the pressure
difference between the two blade surfaces, as shown in Figures 9 and 10 [13].

5.2. Effect of Turbine Submerged Depth on Its Performance

In this step, the performance of the Hunter turbine was evaluated at different sub-
merged depths to determine the optimal vertical position for achieving the highest perfor-
mance. Six flow velocities were tested, with corresponding flow coefficients of 0.25, 0.32,
0.40, 0.46, 0.49, and 0.52. The results, shown in Figure 11, indicate that as the flow coefficient
increases, the turbine power coefficient initially increases and then decreases after reaching
the maximum value of Cp. Additionally, as the vertical distance from the water surface
increases, the turbine performance also increases, but only up to a certain height. Beyond
this height, the power that can be obtained from the stream remains constant, and this
height represents the optimal position for placing the turbine. The results indicate that the
best position is at a depth of 3D, where the maximum power coefficient achieved by the
turbine is 0.218 at a flow coefficient of 0.49.
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Figure 9. Velocity contours for 3D from θ = 0, 20, 50 and Cf 0.4 and 0.46. ((a): θ = 0, Cf = 0.4; (b): θ = 20,
Cf = 0.4; (c): θ = 50, Cf = 0.4; (d): θ = 0, Cf = 0.46; (e): θ = 20, Cf = 0.46; (f): θ = 50, Cf = 0.46). θ = 0, 20,
50 and Cf 0.49 and 0.52. ((g): θ = 0, Cf = 0.49; (h): θ = 20, Cf = 0.49; (i): θ = 50, Cf = 0.49; (j): θ = 0,
Cf = 0.52; (k): θ = 20, Cf = 0.52; (l): θ = 50, Cf = 0.52).
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Figure 10. Pressure contours for 3D from θ = 0, 20, 50 and Cf 0.4 and 0.46. ((a): θ = 0, Cf = 0.4;
(b): θ = 20, Cf = 0.4; (c): θ = 50, Cf = 0.4; (d): θ = 0, Cf = 0.46; (e): θ = 20, Cf = 0.46; (f): θ = 50, Cf = 0.46).
θ = 0, 20, 50 and Cf 0.49 and 0.52. ((g): θ = 0, Cf = 0.49; (h): θ = 20, Cf = 0.49; (i): θ = 50, Cf = 0.49;
(j): θ = 0, Cf = 0.52; (k): θ = 20, Cf = 0.52; (l): θ = 50, Cf = 0.52).
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Figure 11. The turbine performances in different submerged depths.

Figure 11. illustrates the pressure contours of the turbine at different vertical positions,
a rotation angle of 50, and a flow coefficient of 0.46. It is evident from the figure that as the
height increases, the static pressure, total pressure, low-pressure area, and back pressure
behind the turbine also increase due to the effect of static pressure. The pressure contours
of the turbine in different vertical positions, with a rotation angle is shown in Figure 12.
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Figure 12. The pressure contours of the turbine in different vertical positions, with a rotation angle of
50 and a flow coefficient of 0.46.

In submerged depths of 2D and 3D, by increasing the flow coefficient from 0.25 to 0.52,
the maximum torque produced by the turbine increases from 1.1 Nm to 2.1 Nm and from
1.3 Nm to 2.2 Nm, respectively. However, in depths of 4D and 5D, the maximum torque
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produced by the turbine is relatively constant, ranging from 1.7 Nm to 1.9 Nm and from
1.9 Nm to 2 Nm, respectively, for flow coefficients ranging from 0.25 to 0.52.

It can be observed from Figures 13–16 that the maximum torque produced by the
turbine occurs at a rotational angle of 10 degrees in all flow coefficients and submerged
depths. At a rotational angle of 30 degrees, the torque produced by the turbine is minimum.
Furthermore, the results show that the optimum submerged depth for the turbine is 3D,
as it produces the highest torque in all flow coefficients. This result is consistent with the
findings in the previous section, which showed that the best position for placing the turbine
is at a depth of 3D.
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Figure 16. The trend of change of total torque with angle of rotation with various flow coefficients in
4D depth.

Figures 17–20 depict the turbine power coefficient in different submerged depths as a
function of the rotational angle and flow coefficient. It is evident that the turbine power
coefficient increases for all flow coefficients from θ = 0◦ to θ = 10◦ and reaches its maximum
value, as the turbine generates the highest torque at θ = 10◦. Then, the trend changes, and
the power coefficient decreases by increasing the rotational angle, reaching its minimum
value at θ = 30◦. Subsequently, the turbine power coefficient increases again from θ = 30◦

to θ = 60◦. The flow coefficient of 0.32 results in the best turbine power coefficient, whereas
the worst performance is observed in the flow coefficient of 0.52. Furthermore, the power
coefficient initially increases with an increase in the submerged depth and becomes equal
for depths of 3D and 4D.
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6. Conclusions

The present study aimed to analyze a vertical axis tidal turbine (VATT) both exper-
imentally and numerically. Initially, an experimental model of the Hunter turbine was
designed with an aspect ratio of 1.2 and tested in a water channel. Laboratory data were
used to verify the RANS equations, which were implemented around the turbine using
CFD software. The effect of the turbine’s submerged depth from the water surface on its
performance was then investigated. The turbine was analyzed at four different depths: 1D,
2D, 3D, and 4D. The numerical solution was reasonably close to the experimental data. The
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results demonstrated that as the vertical distance from the water surface increased, the
energy that could be harnessed from the water flow also increased, resulting in improved
turbine performance. However, there was a specific height beyond which increasing the
vertical distance did not enhance the turbine’s performance. In other words, there was a
minimum depth required for achieving maximum power output, which was found to be
3D. Moreover, this study revealed that the maximum power coefficient of the turbine was
observed in smaller flow coefficients with increased depth. The highest power coefficient
achieved was 0.218 at a flow coefficient of 0.49 for submerged depths of 3D and 4D.
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