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Abstract: The horizontal axis tidal turbine (HATT) is a device that harnesses the energy of ocean
currents and converts it into electrical energy. The blade plays a crucial role in the efficiency of
power generation in HATTs. This study focuses on the use of slotted blades to enhance the efficiency
of HATTs and investigates the flow control mechanism of these slots using computational fluid
dynamics (CFD) methods. Initially, CFD simulations were conducted to analyze the impact of the
slot’s geometry parameters on a two-dimensional (2-D) slot and to demonstrate its passive fluid
control mechanism. Subsequently, the slot was implemented on three-dimensional (3-D) blades to
examine its effect on the hydrodynamic performance of the blades. The results of the 2-D simulation
indicate that the width and position of the slots have a significant influence on the lift-to-drag ratio of
the hydrofoils, resulting in a maximum increase of 166%. For the 3-D blades, the simulation results
reveal that the slot can enhance the power coefficient of the blades, particularly at low tip-speed
ratios, with a maximum increase of 7.8%.

Keywords: tidal energy; passive flow control; slotted blades; horizontal axis tidal turbines;
numerical simulation

1. Introduction

It is widely accepted that nuclear and renewable energy will be more widely used
in the future [1,2], that clean and renewable energy will play a prominent role, and that
the global trend is towards more renewable energy [3,4]. Ocean current energy is widely
studied as a crucial renewable energy source [5]. The global ocean current energy capacity
is vast, with a projected total of 120 GW [6]. In general, ocean current energy can be
captured by vertical and horizontal axis turbines [7]. Horizontal axis tidal turbines (HATTs)
are widely used in the development of ocean current energy due to their high operational
efficiency [8] and are considered to be the most promising among various ocean current
energy devices [9]. Significant advances in horizontal axis turbine technology have been
made in recent years with the deployment of pre-commercial-stage megawatt-scale units
(e.g., Hammerfest Strøm HS1000 [10], Simek Atlantis AR1500 [11], Orbital Ocean’s O2 [12]).

The blade is a critical component of the HATTs, and its performance has a direct
impact on the efficiency of the turbine’s power generation. Flow separation often occurs at
the root of the HATT blades, resulting in a significant reduction in lift and a decrease in the
blade power coefficient, which restricts the performance of the turbine. Flow control has the
potential to significantly enhance the hydrodynamic efficiency of blades, such as through
the implementation of active jetting [13,14]. The utilization of passive flow control on HATT
blades is highly popular due to its ability to enhance performance without requiring any
additional energy [15].
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The slot extending from the pressure side of the airfoil/hydrofoil to the suction side is
applied to the airfoil/hydrofoil. Due to the pressure difference between the two sides, a jet
is formed in the slot from the pressure surface to the suction surface. The boundary layer
on the upper surface is injected with fluid momentum, causing the flow separation to be
delayed. Yavuz et al. [16] performed a three-dimensional analysis of the two hydrofoil-slot
arrangements and found that both arrangements can improve efficiency within certain
limits. Wei et al. [17] conducted a numerical study on the hydraulic and cavitation char-
acteristics of a slotted hydrofoil at the angle of incidence of 6◦. The numerical results
indicate that the optimized slotted hydrofoil has better hydraulic and cavitation perfor-
mance. Liu et al. [18] applied slots on hydrofoils to suppress cavitation instability, and
simulated and compared cavitation behavior and drag/lift forces to study the impact of
slot geometry on cavitation suppression. Belamadi et al. [19] investigated the effect of
slots on the airfoil and found that the slot improved the performance of the blade when
the angle of attack was larger. Moshfeghi et al. [20] and Xie et al. [21] also studied the
influence of slots on the S809 airfoil. Beyhaghi et al. [22] studied the effect of slots installed
on the leading edge of the NACA 4412 airfoil on its performance, and the results showed
that slots can increase the average lift coefficient of the wing by up to 7%, while the drag
coefficient remained unchanged. Kundu [23] studied the impact of the slot on the S1210
airfoil, and the results showed that the slot delayed the stall angle of the airfoil, and the slot
starting from the leading edge could improve the performance of the airfoil. Ni et al. [24,25]
studied the effects of a new type of slot and showed that the maximum lift coefficient and
maximum lift-to-drag ratio of the slot hydrofoil were both improved. Mohamed et al. [26]
conducted a numerical study on wind turbine blades with slots, and the results showed
that the flow separation on the slotted airfoil was delayed and the optimal lift-to-drag ratio
of the slotted airfoil covered a more extensive range of angle of attack. Abolfazl et al. [27]
used a three-dimensional numerical simulation method to accurately analyze the aerody-
namic performance of wind turbines with varying configurations of slotted blades. The
results indicated that the slotted airfoil achieved a significant improvement in the average
torque coefficient.

Research on the flow field characteristics and hydrodynamic performance of predicted
HATTs has been of great interest, and much research has been carried out regarding
numerical calculations and experimental tests. The RANS (Reynolds Averaged Navier–
Stokes) method is the most common in the numerical computation of the HATT flow
field, and the turbulence model generally uses benchmark models such as k-ε and k-ω.
Tian et al. [28] analyzed the effect of yaw angle and turbulence intensity on the performance
of a 20 kW flow-powered turbine by using three-dimensional transient CFD simulations,
and the results showed that Cp and Ct decrease with increasing yaw angle. Tian et al. [29]
carried out a wake interference simulation by the RANS method using an actuator disk
model instead of a turbine. Bahaj et al. [30] measured the effect of different tip-speed ratios
and pitch settings on power and thrust coefficients in a cavitation tunnel and a towing tank.
Kolekar et al. [31] investigated the effect of flow Reynolds numbers and solid blockage on
turbine performance through experimental and computational studies. Badshah et al. [32]
investigated the effect of blockage ratio on HATT performance using the SST k-ω turbulence
model. Amiri et al. [33] used a k-ε turbulence model combined with a multi-reference
frame (MRF) to design, study, and optimize horizontal axis tidal turbines, and validated the
simulation results using AeroDyn BEM code. Lee et al. [34] investigated the effect of counter-
rotating blade spacing on the hydrodynamic performance of HATTs using a k-ω turbulence
model combined with an MRF. Liu et al. [35] compared the prediction performance of
HATTs based on the RANS method with both slip-grid and MRF approaches, and found
that the slip-grid method was more accurate for predicting wake flow. Sánchez et al. [36,37]
optimized the horizontal axis wind turbine parameters to maximize efficiency using the
Python programming language. In terms of experimental studies, Chen et al. [38] conducted
a careful experimental analysis of HATT wake propagation in a circulating water channel,
and the results showed that the blocking of the rotor and struts caused a reduction in the
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wake velocity. Mycek et al. [39] investigated the influence of the distribution of the incoming
turbulence intensity of tandem turbines using towing tank tests. Yamini et al. [40] explored
scenarios for avoiding or solving hydraulic problems using hydraulic modeling studies,
and discussed the formation of vortices at the entrance. Zhang et al. [41] experimentally
investigated the wake thrust characteristics of two-rotor HATTs through a circulating water
channel. In this paper, the CFD method combined with the MRF is used to predict the
hydrodynamic performance of HATTs.

There have been many studies that have clarified the importance of slots in improving
hydrofoil performance. Most of the research on the effect of slots on blade performance
has been based on 2-D foils. However, for tidal turbine blades, the angle of attack and the
Reynolds number are different for each cross-section, and, in addition, the radial flow of
the blade cannot be neglected. Therefore, the influence of the slot on the 3-D blades needs
to be considered separately. Moshfeghi et al. [42] studied the effect of slots on 3-D blades,
but they chose only two slots in different configurations.

In this research, a novel slot design is proposed, where the exit of the slot is tangent to
the upper surface of the hydrofoil and is applied to the turbine blade. The main objective
of this proposed slot shape is to accelerate the jet and enhance the control of induced flow,
ultimately leading to improved hydrofoil performance. Numerical simulations demonstrate
that this new design significantly enhances the effectiveness of slot-induced flow control,
surpassing previous slot designs at low tip-speed ratios. Furthermore, this paper examines
the flow control mechanism of the slot and comprehensively evaluates the effects of various
geometric parameters on slotted blades, aiming to determine the optimal configuration.

The findings of this study hold great significance for enhancing the efficiency of power
generation in tidal energy turbines. By extending the effectiveness of the slot, this research
contributes to the progress and wider adoption of tidal current energy, aligning with the
objectives of sustainable development.

2. Geometric Description

This study involved a fixed-pitch, three-blade turbine with a diameter of 1.2 m [43].
The hydrofoils used by this blade are interpolated according to the fx77-w-121, fx77-w-153,
and fx77-w-258 hydrofoils [44]. The turbine is designed for a flow velocity of 0.5 m/s and a
designed optimum tip-speed ratio of 5; the flow Reynolds number on three-dimensional
blades ranges from 2 × 104 to 3.5 × 105. The special slot, whose exit is tangent to the
hydrofoils, is applied to the 3-D blades, as shown in Figure 1 [25]. The influence of
parameters such as the exit position of the slot in the chord direction, the exit width, and
the applied length in the blade elongation direction on the blade were considered.

To facilitate subsequent analysis, the following dimensionless parameters are introduced.
Lift coefficient:

CL = L/(0.5ρV∞
2S) (1)

Drag coefficient:
CD = D1/(0.5ρV∞

2S) (2)

Pressure coefficient:

Cpressure = (p − p∞)/(0.5ρV∞
2) (3)

Tip-speed ratio:
TSR = ωRb/V0 (4)

Thrust coefficient:
CT = T/(0.5ρπRb

2V0
2) (5)

Power coefficient:
CP = Mω/(0.5ρπRb

2V0
3) (6)
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Among these, L is the lift on the hydrofoil; D1 is the drag force; S is the reference area
of the hydrofoil; p is the pressure on the hydrofoil; p∞ is the far-field pressure; T is the
turbine thrust; M is the turbine torque.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 4 of 19 
 

 

0/bTSR R V  (4)

Thrust coefficient: 

2 2
0/ (0.5 )T bC T R V  (5)

Power coefficient: 

2 3
0/ (0.5 )P bC M R V   (6)

Among these, L is the lift on the hydrofoil; D1 is the drag force; S is the reference area 
of the hydrofoil; p is the pressure on the hydrofoil; pꝏ is the far-field pressure; T is the 
turbine thrust; M is the turbine torque. 

 
Figure 1. Rotor with sloĴed blades. 

3. Simulation Model 
3.1. Basic Equations 

The governing equations for this study are represented by the Reynolds Averaged 
Navier–Stokes (RANS) equations. These equations encompass the continuity and momen-
tum equations, which are expressed as follows [30]: 

( ) 0i

i

ρ
ρυ

t x

 
 

 
 (7)

2
( ) ( ) [ ( )] ( )

3
i j l

i i j ij i j i
j i j j i l j

p υ υ υ
ρυ ρυ υ μ δ ρυ υ F

t x x x x x x x

               
      

 (8)

where ρ  is the density of the fluid, iυ  is the velocity component, p is the total pressure, 

iF  is the external body force component, and μ  is the dynamic viscosity. The velocity 

iυ  is the sum of the time-averaged values iυ  and the fluctuations iυ . 
  

Figure 1. Rotor with slotted blades.

3. Simulation Model
3.1. Basic Equations

The governing equations for this study are represented by the Reynolds Averaged
Navier–Stokes (RANS) equations. These equations encompass the continuity and momen-
tum equations, which are expressed as follows [30]:

∂ρ

∂t
+

∂

∂xi
(ρυi) = 0 (7)

∂

∂t
(ρυi) +

∂

∂xj
(ρυiυj) = −

∂p
∂xi

+
∂

∂xj
[µ(

∂υi
∂xj

+
∂υj

∂xi
− 2

3
υl
xl

δij)] +
∂

∂xj
(ρυ′iυ

′
j) + Fi (8)

where ρ is the density of the fluid, υi is the velocity component, p is the total pressure, Fi is
the external body force component, and µ is the dynamic viscosity. The velocity υi is the
sum of the time-averaged values υi and the fluctuations υ′i .

3.2. Computational Domains and Grid Generation

Numerical simulations were used to assess the effect of the trough on the hydrody-
namic properties of the HATTs, with the specific parameters shown in Table 1. The CFD
model solves the RANS equation by a finite volume discretization scheme in the FLUENT
environment. The turbulence term of the RANS equation is simulated by the SST k-ω
turbulence model, which has been widely used in horizontal axis turbine studies [45] and
has proven successful in simulating turbulence on airfoils [46]. It is known for its strong
and dependable performance in forecasting various flow phenomena, such as free shear
flow, boundary layer development, unfavorable pressure gradients, and boundary layer
separation. Combining elements from both the k-ε and standard k-ω models, it offers
accurate insights into the dynamics of boundary layers, particularly in situations involving
transition, separation, and stall. The MRF is used to simulate the rotating motion of blades
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in the rotating sub-domain, which has been proved by Tran Ngoc Tu [47] to be a suitable
method for simulating the characteristics of propellers in open water. Each domain can
move at a different rotation/translation speed in the MRF simulation process. This method
simulates the rotation/translation domain.

Table 1. Rotor parameters.

Number of blade B [–] 3
Rotor diameter D [m] 1.2
Hub radius Rh [m] 0.12
Rotor radius Rb [m] 0.6
Local chord length c [m] 0.081~0.096
Slot exit position X [m] 0.35c, 0.4c, 0.45c, 0.5c
Slot exit width t [m] 0.03c, 0.04c, 0.05c, 0.06c, 0.07c
Slot length l [m] 0.5Rb, 0.6Rb, 0.7Rb, 0.8Rb
Free-stream velocity V0 [m/s] 0.5
Turbulence intensity Ti [%] 3
Sea water density ρ [kg/m3] 1024
Rotational speed ω [rad/s] 1.67~6.67
Tip-speed ratio TSR [–] 2~8

In consideration of the turbine’s symmetrical nature, the computational domain con-
sists of a solitary blade encompassing a one-third sector measuring 6D in diameter and
11D in length [48]. Positioned at a distance of 3D from the flow field inlet, the turbine is
situated on the horizontal axis of symmetry. To enable the simulation of rotor rotation, the
entire domain is divided into two subdomains, necessitating the application of boundary
conditions at the interface where two subdomains interact. All computational subdomains
are created using a hexahedral mesh, as depicted in Figure 2. The y+ value of the initial
layer element on the blade surface is set in close proximity to 1.
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Specific boundary conditions are included, as follows:

(1) Inlet: Uniform steady velocity of 0.5 m/s.
(2) Outlet: Pressure outlet with a relative atmospheric pressure of 0 Pa.
(3) Interface: The boundary between the rotating and stationary domains is set as the

interface boundary.
(4) Periodic boundary: The periodic boundary conditions for rotation are applied to the

sidewall surfaces.
(5) No sliding wall: A no-sliding-wall condition is imposed on the blade surface.
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3.3. Solution Settings

The steady-state MRF technique is employed to model the rotational movement of
the rotor, utilizing a convergence criterion where the scaling residuals must be below
1 × 10−6. In order to achieve rapid convergence, the SIMPLEC algorithm is employed as
the pressure–velocity coupling method for all simulations. The pressure and momentum
equations are discretized using the second-order upwind space discretization algorithm.
The simulations were executed on a Dell T7810 workstation, equipped with 20 CPU cores
and 64 GB of RAM. Each individual simulation required approximately 5 h to complete.

4. Results Discussion
4.1. Numerical Model Validation

In order to ascertain the grid independence of the numerical model, a total of four
grid configurations with different node densities were employed to conduct a comparative
analysis of the simulation outcomes. The outcomes are presented in Table 2. It is discernible
that once the number of grids surpasses 3.5 million, the augmentation in grid density
exhibits negligible influence on the calculated values of turbine power coefficients and
thrust coefficients (with variations less than 3%). Therefore, we chose a moderately coarse
mesh consisting of 3.5 million nodes to ensure that computational resources are conserved
and that the mesh resolution in future simulations remains essentially the same as in the
validation case described above.

Table 2. Grid independence verification results.

Number of Grids 2,300,000 3,500,000 5,000,000 6,200,000

CP 0.374 0.385 0.391 0.393

CT 0.644 0.664 0.673 0.676

To assess the acceptability of the numerical model, a comparison was made between
the turbine torques obtained from simulations and those measured experimentally. The
experiment was carried out in a towing tank of the Key Laboratory of the Ministry of
Industry and Information Technology of Northwestern Polytechnical University. The
towing tank is shown in Figure 3, and has a total length of 180 m, a water depth of 6 m,
a width of 7 m, and a maximum test speed of 7 m/s. The turbine torque test device was
mounted on the interface of the trailer. During the experiment, the submergence depth of
the hydraulic turbine was kept at 1 m, and the towing speed was 0.5 m/s. The blockage
ratio of the turbine during the towing tank was 2.7%, which is the ratio of the swept area of
the turbine to the cross-sectional area of the towing tank.
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To test the torque characteristics of the turbine, the turbine torque test device was
designed, as shown in Figure 3. The device is mainly composed of the turbine, the magnetic
coupling, a torque sensor, a DC drive motor, and a sealed casing. Among these, the
magnetic coupler is composed of an isolation cover and magnetic poles on both sides of
the isolation cover, and its function is to transfer the driving torque of the DC motor to
the turbine through magnetic force. The DC drive motor is the component that drives the
turbine, and a Maxon RE 65 motor with a rated power of 250 W was chosen. The GP 81A
planetary gear reducer with a reduction ratio of 93:1 was used in conjunction with the DC
motor. The torque sensor is one of the most important components of the turbine torque
test device, and can measure the torque on the blades when the turbine is running at a
certain tip-speed ratio. A DY-200 dynamic torque sensor with a measuring range of 0~50
N·m and measuring accuracy of 0.1% was used in this research. The working process of the
turbine torque test device is as follows: the driving function of the DC motor transmits the
torque to the turbine through the magnetic coupling so that the turbine rotates at a certain
speed, and the speed of the motor can be changed by changing the voltage of the motor. At
the same time, the test device follows the trailer at a constant speed of 0.5 m/s, and the
torque received by the turbine in a uniform flow is captured by the dynamic torque sensor.
The entire test process was completed in June 2021. The data were obtained through the
host computer to collect the test data in the DY-200 dynamic torque sensor. The specific
testing and commissioning process is illustrated in Figure 4.
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The turbine torque as monitored by the dynamic torque sensor when the TSR = 6
is shown in Figure 5a; this sensor collects 80 data points per second. The fluctuation of
the torque within a certain range is observed due to factors such as sensor sensitivity and
device installation. Nevertheless, it can be inferred that the torque monitored by the sensor
remains relatively stable.
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The experimental test results for the power coefficient factor are compared with the
simulation value, and the findings are illustrated in Figure 5b. It is evident from the figure
that the trend of the turbine power coefficient aligns with the simulation, with all errors
being less than 10%. The discrepancy between CFD simulations and experimental methods
can be attributed to the limited scope of CFD simulations, which solely focus on evaluating
the efficiency of the rotor. However, these simulations fail to account for the energy losses
that occur in the bearings and transmission processes. Thus, it can be concluded that the
numerical model employed in this study is acceptable.

4.2. Hydrodynamic Characteristics of 2-D Slotted Hydrofoils

Firstly, the flow control mechanism of the slotted hydrofoils was explained by the 2-D
hydrofoil simulation results. In this study, the fx-77-w121 with a chord length of 100 mm
was selected as the reference hydrofoil, and the uniform incoming flow was set to 2 m/s.
The effect of slots on hydrofoil performance was studied at a Reynolds number of 2 × 105.

The positioning of the slot on a hydrofoil plays a crucial role in determining where the
injection of fluid kinetic energy occurs on the suction surface. This, in turn, has a notable
impact on the hydrodynamics of the hydrofoil. In this particular study, the hydrodynamic
characteristics of slotted hydrofoils with varying exit positions and a fixed exit width
(t = 0.04c) were thoroughly examined. The findings, as depicted in Figure 6, reveal that the
presence of slots does not always lead to enhanced hydrofoil performance. When the angle
of attack is below 12◦, the hydrodynamic behavior of the slotted hydrofoil is inferior to that
of the clear hydrofoil. However, when the angle of attack surpasses 12◦, it demonstrates
superior performance. Specifically, the lift coefficient of the hydrofoil can increase by up
to 43% at an angle of attack of 16◦, while the maximum increase in the lift-to-drag ratio
is 166%, achieved at an angle of attack of 14◦. Furthermore, it is worth noting that the
presence of the slot significantly delays the stall angle of the hydrofoil, pushing it from
10◦ to approximately 16◦. Notably, the closer the exit position of the slot to the leading
edge, the more pronounced the slot’s effect in improving the hydrofoil’s lift and lift-to-drag
ratio becomes.

The investigation focused on the impact of varying exit widths of slots on hydrofoil
performance, as the magnitude of fluid momentum injected into the pressure surface of
the hydrofoil is determined by the exit width of the slot. Figure 7 presents the lift–drag
curves of slotted hydrofoils with exit widths ranging from 0.03c to 0.07c, while maintaining
a fixed exit position at X = 0.4c. It can be observed that the lift and drag curves of all slotted
hydrofoils exhibit similarity. Furthermore, an increase in slot exit width corresponds to an
increase in lift coefficient and a decrease in drag coefficient.
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4.3. Analysis of the Passive Fluid Control Mechanism of the Slot

In order to examine the mechanism by which the slot affects hydrofoil performance,
the velocity contours of the flow field were analyzed for both a clean hydrofoil and a slotted
hydrofoil before and after stall, as depicted in Figure 8a. From the figure, it is evident that
the hydrofoil surface experiences laminar flow at low angles of attack, and the presence of
the slot on the hydrofoil leads to a slight reduction in velocity on its upper surface. The clean
hydrofoil exhibits flow separation at an angle of attack of 16◦, whereas the slot significantly
inhibits flow separation, thereby improving the flow field characteristics of the hydrofoil.
Furthermore, the velocity of the leading edge of the slotted hydrofoil is substantially higher
compared to that of the clean hydrofoil. Figure 8b portrays the relationship between the
slot exit width, the growth rate of the lift-to-drag ratio, and the slot exit volume flow rate.
Within a specific range, there is a linear and positive correlation between the volume flow
rate of the slot and its width. Additionally, the changing trend of the lift–drag growth rate
aligns closely with the changing trend of the volume flow rate.
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Figure 9a,b exhibit the flow field pressure contours and pressure distribution diagrams
for clean and slotted hydrofoils at angles of attack of 10◦ and 16◦, respectively. Upon
comparing the pressure contours of the two hydrofoils at an angle of attack of 10◦, it
becomes apparent that the pressure disparity between the upper and lower surfaces of the
slotted hydrofoil decreases as a result of its specific geometric configuration. This decrease
in pressure differential accounts for the decline in the lift coefficient of the slotted hydrofoil.
Conversely, when the angle of attack is increased to 16◦, the slot significantly amplifies
the area of negative pressure on the upper surface of the hydrofoil. Consequently, the
pressure difference between the upper and lower surfaces of the hydrofoil experiences a
substantial increase. This observation confirms the assertion that the lift coefficient of a
slotted hydrofoil is enhanced at high angles of attack.

A fluid in motion possesses inherent kinetic energy, which acts as a deterrent against
unfavorable pressure gradients. However, in cases where the inflow velocity and kinetic
energy are relatively low, the opposing adverse pressure gradient becomes dominant,
leading to the occurrence of flow separation. The post-stall flow fields for a clean hydrofoil
and slotted hydrofoils of varying configurations were compared, with the results depicted
in Figure 10. The hydrofoil flow field is significantly influenced by the geometric parameters
of the slot. As the slot’s exit position approaches the transition point, it becomes more
effective at preventing flow separation of the hydrofoil. An example of this is seen when
the exit position is at 0.35c, where the slotted hydrofoils exhibit obvious suppression of flow
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separation compared to clear hydrofoils. Furthermore, a wider slot exit width enhances
the suppression effect on hydrofoil flow separation. This is due to the increased injection
of fluid momentum from the hydrofoil pressure surface into the hydrofoil suction surface,
which becomes more significant as the slot exit width increases.
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4.4. Hydrodynamic Characteristics of the Three-Dimensional Slotted Blade

To analyze the impact of the slot geometry configuration on turbine blade performance,
three simulation results are discussed, including the effect of slot exit width, slot exit
location, and slot span length on blade performance.

The hydrodynamic characteristics of the 2-D hydrofoil are significantly impacted by
position of the slot exit, as indicated by the simulation results. Hence, the width of the
slots is fixed at 0.05c, and the span length is fixed at 0.5R, calculating the power coefficients
of the blade at different slot exit positions (0.35c–0.5c). The results displayed in Figure 11
demonstrate that the slot enhances the hydrodynamic performance of the blade at low
tip-speed ratios. Furthermore, the lifting effect is improved when the slot exit is closer to
the transition point. When the exit position is at 0.4c and TSR = 3, the slot increases the
power coefficient by 5%. It should be noted that the presence of the slot influences the
optimal tip-speed ratio. While the clear blade attains its maximum value at TSR = 5, the
slotted blade exhibits optimal performance at approximately TSR = 4.
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To examine the impact of the slot on the velocity flow field, a study was conducted
wherein the velocity distribution of the blade was observed on various cross-sections, as
depicted in Figure 12. At a TSR of 3, significant flow separation was observed at both the
blade root (0.3R) and the middle region (0.5R). Conversely, the presence of slots on the
blades exhibited the ability to mitigate flow separation to some extent. The injection of
a high-momentum jet through the slot onto the suction surface effectively suppressed or
weakened flow separation when the slot was positioned upstream of the separation region.
Alternatively, when the slot was placed within the separation region, the separated flow was
divided into multiple regions by the jet, leading to a reduction in flow separation in these
areas. As a result, the slotted blades demonstrated exceptional hydrodynamic performance.
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The investigation conducted in this study focused on evaluating the hydrodynamic
performance of slotted blades with varying exit widths, as illustrated in Figure 13. The
position of the slots’ exit remains fixed at a value of 0.4c, while the spanwise length
is consistently maintained at 0.5R. The results indicate that, at lower tip-speed ratios,
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the inclusion of a slot leads to an enhancement in the power coefficient of the blades.
Moreover, this increase in power coefficient becomes more pronounced with larger exit
widths. Notably, when the exit width is set to 0.07c and the tip-speed ratio is 3, the
power coefficient of the slotted blade exhibits the most significant rise, amounting to 7.8%.
Conversely, at higher tip-speed ratios, the power coefficient experiences a reduction due to
the presence of the slot, with the magnitude of this decrease being directly proportional to
the exit width. At a tip-speed ratio of 7, the power coefficient of the slotted blade undergoes
a maximum decline of 12%.
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The consequences of the dynamic flow characteristics caused by the slots were ex-
amined in greater detail through the visualization of reverse flow patterns surrounding
the blades. In this study, the flow behavior of a blade with slot exit widths of 0.05c and
0.07c was investigated at a TSR of 3. As depicted in Figure 14, the flow distribution along
the span of the blade following a stall is presented. It is evident that the presence of slots
can significantly enhance the mitigation of flow separation, particularly at low tip-speed
ratios. Furthermore, it is noteworthy that the wider the slot exit, the more pronounced the
inhibitory effect on blade flow separation becomes.

The radial flow of an ocean current turbine blade is a significant factor that cannot be
disregarded. Hence, the impact of the span length of the slot on the blade should also be
taken into consideration. In order to examine the effect of the slot on the hydrodynamics
of the blade, the span length of the slots was altered and the outcomes are presented in
Figure 15. It is evident that the span length of the slot has a notable influence on the power
coefficient. Specifically, a larger span length results in a more pronounced improvement in
the blade power coefficient at low tip-speed ratios, while also leading to a greater decrease
in the blade power coefficient at high tip-speed ratios.

The pressure distribution and flow separation on the suction surface of the blade are
depicted in Figure 16. When the tip-speed ratio is 3, the clear blade experiences complete
separation on its suction surface, resulting in deep stall. The separation point occurs at
approximately 20% of the chord length. The non-constant streamlines begin at the root of
the blade due to the high local angle of attack, and then sweep radially outward towards
the tip, as illustrated in Figure 16a. In contrast, the slotted blade delays the separation
point due to the jet generated by the slots along the blade span. At a slot span of 0.8 R, the
flow separation in the middle of the blade is considerably suppressed, and the streamlines
remain attached. Moving on to a tip-speed ratio of 5, the clear blade exhibits partial flow
separation on its surface. The separation region is observed at the root of the blade, with
the separation point occurring at around 30% of the chord length, as shown in Figure 15b.
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Similarly, slotted blades also experience flow separation, but the separation zone is confined
to the chord length at the back end of the blade root, specifically at around 80% of the chord
length. Furthermore, at lower tip-speed ratios, the presence of the slot causes an increase
in negative pressure on the suction side of the blade, resulting in an enlargement of the
negative pressure region and an increase in the pressure difference between the suction
and pressure sides of the blade. In conclusion, the surface flow lines align with the analysis
of the separation flow presented earlier.
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5. Conclusions

This research establishes the importance of slotted blade design for improving the per-
formance of tidal turbines. Additionally, this study delves into the flow control mechanism
of these slots, evaluates the relationship between the geometric parameters of the slots
and the effectiveness of flow control, and ultimately determines the optimal configuration
for the slotted blades. The discoveries made in this investigation hold great importance
for enhancing the efficiency of power generation in tidal energy turbines. Moreover, this
study contributes to the advancement and widespread implementation of slots as a passive
flow control method in turbines. The conclusions can be summarized as follows: At low
tip-speed ratios (large angles of attack), the slots can significantly improve the hydrody-
namic performance of the blade, and the closer the exit of the slot to the transition point, the
greater the width of the exit, and the greater the length of the slot in the span direction, the
more pronounced the improvement in the blade performance. After applying the slot, the
lift–drag ratio of two-dimensional hydrofoils is increased by a maximum of 166%, and the
power coefficient of three-dimensional blades is increased by a maximum of 7.8%. Overall,
the application of a slot can improve the power generation efficiency of ocean current
turbines to a certain extent. In addition, a detailed hydrodynamic analysis revealed that
the slot was shown to be effective in suppressing flow transitions and separation. It also
revealed the relationship between fluid momentum and the slot exit.
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The findings presented in this paper shed light on the effectiveness of employing flow
control of slots for tidal energy turbines operating at low tip-speed ratios. However, it
is important to note that this approach exhibits limitations in terms of its effectiveness
and practicality. To enhance the range of the effectiveness of this mechanism, further
investigation and experimentation on novel slot designs are imperative.

Author Contributions: Conceptualization, Z.M.; Data curation, G.Y.; Methodology, W.T.; Validation,
T.Z.; Writing—original draft, G.Y.; Writing—review and editing, W.T. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (Program
No. 51809214).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Nomenclature
B Number of blades [–]
c Local chord length [m]
CD Drag coefficient [–]
CL Lift coefficient [–]
CP Power coefficient [–]
Cpressure Pressure coefficient [–]
CT Thrust coefficient [–]
D Rotor diameter [m]
l Slot length [m]
L Lift force on the hydrofoil [N]
M Turbine torque [N·m]
p Pressure [Pa]
p∞ The far-field pressure [Pa]
r Local radius [m]
Rh Hub radius [m]
Rb Rotor radius [m]
S Area of the hydrofoil [m2]
t Slot exit width [m]
T Turbine thrust [N]
Ti Turbulence intensity [%]
V0 Free-stream velocity [m/s]
X Slot exit position [m]
ρ Sea water density [kg/m3]
ω Rotor rotation speed [rad/s]
2-D two-dimensional
3-D three-dimensional
AOA angle of attack
CFD computational fluid dynamics
HATT horizontal axis tidal turbine
MRF multi-reference frame
RANS Reynolds Averaged Navier–Stokes
SST shear stress transport
TSR tip-speed ratio
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