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AbstrAct

This research emphasizes the importance of optimal design for tidal turbines under various ducts and blade sections 
to enhance efficiency. A Reynolds-Averaged Navier-Stokes (RANS) solver with  turbulence model is used to investigate 
the performance of horizontal-axis tidal current turbines (HATCT) under different ducts and blade sections. Analyses 
were conducted using various meshes and, in several stages, to ensure the accuracy of the results. Six types of different 
blades sections and winglets are selected and the numerical results of thrust, torque and power coefficients are compared.  
demonstrating the accepTable accuracy of this analytical method. It is indicated that the effect of the winglet caused 
to increase the power coefficient. The numerical results were compared and validated with experimental data and 
found in good agreement. Finally, the effect of the different duct shapes with turbine type 1 at TSR = 5 is obtained with 
significant results of the power coefficient. 
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INTRODUCTION

Tidal energy, as one of the renewable energy sources, has 
a high potential to help solve problems related to the increasing 
need for energy, environmental pollution, climate change, 
limitations of fossil fuels, and their rising costs. This type of 
energy, which is derived from the regular changes in the sea 
and ocean water levels due to the gravitational pull of the moon 
and sun, has a high predictability and reliable access. Extensive 
research is being conducted to improve technologies related to 
tidal turbines and reduce their costs, to make wider use of this 
clean and sustainable energy source possible. Tidal energy can be 
considered a clean energy source, as it does not have a negative 
impact on the environment and ecosystems [1]. This energy 
is among the available and reliable energies. Tidal energy is 

generated by the tides. Due to the vastness of seas and oceans, 
it is produced in a significant amount. By placing turbines in 
the direction of water flow, the rise and fall of water caused by 
tides, tidal energy can be converted into electrical energy. The 
extraction of this energy is more common in suiTable estuaries 
and waterways [2]. For this reason, tidal turbine farms are used 
to generate energy. A tidal turbine farm, comparable to a wind 
farm, consists of multiple tidal turbines set up in regions with 
significant tidal activity to capture the kinetic energy from tidal 
currents. These installations are submerged in areas known 
for consistent and strong water movements, such as estuaries, 
coastal regions, or narrow channels between landmasses. Fig. 1 
(a) and (b) depict a tidal turbine farm and AR1500. SIMEC 
Atlantis Energy has redeployed its 1.5MW tidal energy turbine 
(AR1500) at its MeyGen site offshore Scotland. The MeyGen site 
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is the largest fully consented tidal stream site in the world and 
SIMEC Atlantis is continuing to work with the UK Government 
and industry partners to unlock its full potential, delivering 
a 400MW green and predicTable power station [3]. Tidal turbines 
can convert tidal energy into mechanical energy, and through 
a generator, this energy is converted into electricity [4]. These 
turbines increase the flow rate using a duct, which results in the 
production of more power [5]. The design and construction of 
tidal turbines is an active industrial field in various countries. 
Using these turbines, it is possible to create a power plant that 
serves as a renewable marine energy source [6,7]. 

Fig. 1. (a) A farm of tidal turbine, b) Tidal turbine AR-1500 [3].

For horizontal axis tidal current turbine (HATCT), blade 
element momentum theory (BEMT) and Computational Fluid 
Dynamics (CFD) simulation are used to calculate hydrodynamic 
parameters. CFD modeling, which is connected to the 
rotational movement of a rotor with one degree of freedom, 
is a  suiTable  solution for predicting the time-dependent 
performance of kinetic energy turbines [8,9]. In 2012, Bahaj 
et al. studied the flow sequence design of an axial kinetic energy 
turbine. They tested an axial rotor that had two rows of blades 
[10]. The research by song et al showed the development and 
assessment of three tidal stream turbine designs, each with 
a capacity of 100 kW. The process begins with the creation 
of a foundational blade model, guided by conventional wind 
turbine design principles. [11]. The study by Muratoglu aims to 
conducted a numerical performance analysis on pre-designed 
blade sections for hydrokinetic turbines. he examined the lift, 
drag, and pressure coefficients of different NACA, NREL, and 
RISØ hydrofoils [12].  Schleicher and his colleagues designed 
a two-bladed rotor for a kinetic energy water turbine. They 
used ANSYS-Fluent software for fluid flow simulation [13]. 
They showed that using guide blades between turbine stages 
increases the turbine efficiency by nine percent. Shojaei Fard 
et al. numerically simulated a small axial water turbine in 

CFX software. They used fine and coarse computational grids 
and compared the numerical results with experimental data 
[14]. The research by Rahimian showed that CFD models can 
effectively simulate turbine performance with appropriate 
numerical methods. It also assessed how different numerical 
approached affect the prediction of a two-bladed turbine model’s 
performance using towing tank data from the USNA [15]. 
a study explored suiTable methodologies and approaches to 
simulate the hydrodynamic performance of horizontal marine 
turbines, focusing on flow separation phenomena [16]. Alipour 
et al carried out the hydrodynamic performance of the HATCT 
under different blade pitch angles [17] and blade number [18]. 
Their results indicated that at higher values of blade pitch angle; 
by increasing the thickness, the maximum amount of torque 
enhances. Furthermore, the augmentation in the TSR led to an 
increase in maximum Cp at the lower value of blade pitch angle 
under different current velocity [19]. Also, an experimental 
investigation presented into the performance of a  three-
bladed HATCT model operating under different wave-current 
combinations [20].

For ducted HATCT, a combination of BEMT and CFD 
may determine the induction velocity in the duct. However, 
integrating BEMT with CFD complicates the process, leading to 
a significant increase in design time. Previous studies on ducted 
turbines mainly focused on one-sided flow [21] or used an 
actuator disk to simulate the turbine section, without proposing 
a design method for bidirectional turbines [22, 23]. The ducted 
type is anticipated to enhance performance during turbine 
start-up and tidal velocity variations [24]. Lawn analyzed the 
performance of ducted axial turbines using one-dimensional 
flow theory analytically [25]. Setoguchi tried in the field of 
designing and constructing a double-wall diffuser and found 
that the shape of the diffuser is an important factor in increasing 
turbine efficiency [26]. Other researchers like Jo et al. [27] and 
Shives et al. [28] worked respectively on the flow velocity drop 
through the ducted turbine and efficiency calculation in CFX 
software. In 2020, Im et al. presented designs for blades and 
a water velocity amplification device for the development of 
a 5-kW duct-type floating tidal current turbine [29]. Tsuru 
worked on research that using ducted turbine power as the 
design condition, the tangential velocity difference between 
the front and rear of the turbine was calculated using Euler’s 
equation. The blade stagger angle was determined based on 
potential flow theory [30].

In our Marine and Hydrokinetic Energy (MHE) group at 
AUT, we conducted comprehensive research on the different 
configurations of the tidal turbines, such as new profiles at the 
leading-edge tubercles [31], impact of the duct and number of 
blades [32], featuring various blade shapes and twist angles [33, 
34], a counter-rotating tidal turbine with and without duct [35].

In this paper, we have been focused on exploring the 
available methods to increase the torque and power by utilizing 
on the blade sections and duct profiles. The effects of different 
configurations on the duct and blades by adding a winglet at 
the tip, changing at the trailing edge of the blade and duct, as 
well as laced duct have been investigated to enhance power 
coefficient.
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METHODOLOGY

The Navier-Stokes equations, fundamental in fluid dynamics, 
describe the motion of fluid substances. Through Reynolds 
averaging, these equations can be decomposed into mean 
and fluctuating components, a process that forms the basis 
of the Reynolds-averaged Navier-Stokes (RANS) method. 
This approach allows for the analysis of turbulent flows by 
averaging the effects of the turbulence over time, making the 
complex Navier-Stokes equations more manageable for practical 
engineering applications, such as studying the hydrodynamics 
of tidal turbines.

In the context of RANS, the hydrodynamics of a tidal turbine 
can be addressed using the incompressible Navier-Stokes 
equations. The RANS equations are further simplified and made 
solvable through the application of turbulence models, with the 
k−ω (kinetic energy - specific dissipation rate) model being 
a noTable example. This two-equation model is particularly 
adept at handling streamwise pressure gradients and accurately 
modeling the viscous near-wall region, which are critical aspects 
in the study of tidal turbine performance. The k−ω model 
enhances the robustness and accuracy of the flow simulation, 
especially in accounting for wall effects, which are pivotal in 
determining the flow dynamics around the turbine blades.

The k−ω SST (shear stress transport) turbulence model, 
utilized in the study referenced (Ghafari et al. 2022), further 
refines the approach by effectively capturing the free-stream 
vorticity’s impact outside the shear layer, thereby improving 
the model’s predictive capability regarding the turbulent flow 
characteristics. After using these methods, torque and power 
coefficientswere used to calculate hydrodynamic parameters. 

Hydrodynamic of HATCT
A turbine is a device that rotates when immersed in a fluid 

stream of speed V. The desired effect is the establishment of 
a torque Q that keeps the blades in rotation and brings about 
the generation of a mechanical power by torque times angular 
velocity (P = Q.ω). An important state variable of the turbine 
is the Tip Speed Ratio (TSR), i.e., the ratio of the tip speed to 
current speed (TSR = ωR

V  ), where R being the turbine radius and 
V is the current speed. The power coefficient (Cp) is defined as:

Cp = P
0.5ρV 2A        (1)

where P is the generated power, A is the area of a reference 
surface (A = πR2), and ρ is the water density. Similarly, the 
torque coefficient (CQ) is defined as:

CQ = Q
0.5ρRV 2A = CP

TRS       (2)

where Q is the torque at the turbine hub. Finally, the thrust 
coefficient (CT) has the following expression: 

CT = T
0.5ρRV 2A       (3)

where T is the turbine thrust, that is the axial force developed by 
the device immersed in the flow and functioning at a given TSR. 

The area A in the above definitions is always taken coincident 
with the bare rotor disk surface area, both for the bare turbine 
and for the diffuser-augmented one. This is important when 
comparing performance of different solutions in terms of 
efficiency.

Geometry of HATCT 
The main basis of the turbine sections designed in this paper 

is adapted from the published paper by Song et al. [11], which 
initially involves designing and validating the turbine presented 
in the article, and then using it to design new types with different 
profiles and changing the twist angle to achieve the highest 
efficiency and the most optimal results. The turbine mentioned 
in the article (Song et al) is Type 1 that shown in Table 1, which 
is designed for validation both with and without a guide vane. 
The angles used in Types 2 and 3 are obtained through multiple 
simulations conducted at different angles rather than Type 1, 
in such a way to achieve the highest efficiency.

In this research, in addition to three types (1, 2 and 3), other 
changes have been made to the appearance of the blades to 
increase their efficiency. For this purpose, one type has been 
added a winglet to the end of its radius (Types 4 and 5), and 
another type has been given a sinusoidal shape at the trailing 
edge (Type 6). The winglet is applied at the blade tip with 2%R 
rake and rounding shape. All these six types have been simulated 
after validation to determine the impact of the changes made. 
The general specifications of the various proposed tidal turbine 
types are presented in Table 1.

Tab. 1. Various proposed types of tidal turbine (HATCT).

NUMERICAL IMPLEMENTATION  
AND VALIDATION

Computational domain
The computational domain for the simulation is divided 

into two regions: an outer region and an inner region, which 
are considered as the stationary and rotating domains, 
respectively. The computational domain and their moving and 
stationary regions are presented in the Fig. 2. For the outer 
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To create a regular grid in the external domain, this domain 
has been divided into several parts using a control volume. 
By using the available tools, the number of grid edges in the 
domain of the solved control has been managed. In Fig. 4, the 
grid of the external solution domain is displayed.

Fig. 4. Meshing the moving and stationary domain.

Boundary conditions
As shown in Table 2 and illustrated in Fig. 2, for the inlet and 

outlet locations, the boundary conditions of velocity inlet and 
pressure outlet have been considered. In the stationary domain, 
the boundary conditions are set as uniform inlet velocity and 
relative pressure at the outlet boundaries is set to zero. No-slip 
conditions are used for the hub and turbine blade surfaces. 
A common interface boundary between the stationary and 
rotating regions is utilized.

Tab. 2. Simulation boundary conditions.

Location Setting Mathematical formulation

Blades and hub Wall, no-slip Vwal = 0

Side Symmetry –

Inlet Velocity inlet Vintel = flow speed

Outlet Pressure outlet Pstat = Pspecific

Validation
Validating numerical analyses is crucial for accuracy. Key 

aspects include:
•  Ensuring mesh independence of results,
•  Proper mesh sizing near objects, especially considering 

y+ values,
•  Correct settings for boundary and domain conditions,
•  Turbulence models, time steps, convergence criteria, and 

solver types.

For both stationary and rotating domains, multiple mesh 
size adjustments were made to determine the optimal number 
of meshes required. Comparing numerical results with 
experimental data ultimately confirms simulation accuracy.

Fig. 5 shows mesh independency of the CQ and CT of the 
turbine Type 1 at TSR = 5. As observed, the simulation process 
can be considered mesh independent beyond 4,900,000, because 
further increasing the number of meshes beyond that point does 
not change the result. Total number of meshes that we chose for 
simulations is equal to 4,900,000. For the simulations including 
Type 1 and duct, this number is approximately 6,500,000.

region, a cylindrical domain with a height of 5R upstream, 15R 
downstream, and a cylinder radius of 5R, scaled to the turbine 
radius, is employed. The rotating domain is a cylindrical shape 
with a radius of 1.1R and a height of 0.25R, where R is the 
radius of the rotor. 

Fig. 2. Computational domain and boundary conditions.

Mesh Generation
Selecting an appropriate mesh for the computational domain 

is one of the key steps in the numerical simulation process. 
Using a suiTable mesh can significantly impact the accuracy 
and solution time of the problem. Generally, the more precise 
and appropriately patterned the mesh is designed, the faster and 
more accurate the analysis will be. The STAR-CCM+ software 
can generate high-quality structured and unstructured meshes 
for domains, using its automatic meshing tools and the latest 
available methods. For the rotating region, a polyhedral mesh 
has been used, and for the stationary region, a trimmed mesh 
has been utilized. Meshing around a duct and HATCT must 
be designed to accurately simulate water flow and turbulence 
effects. Examples of mesh designs for a HATCT’s computational 
domain are illustrated in Fig. 3.

Fig. 3. Meshing of a section passing through the blade and blade surface  
and rotating domain and duct.
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Fig. 5. Mesh independency for Type 1 (TSR=5).

The average value of y+ is about 5, which is accepTable for 
this simulation. The y+ Contour for the turbine Type 1 is 
presented in Fig. 6-a. Also, Fig. 6-b shows the y+ contour of 
one of the simulated ducts.

Fig. 6. (a) The y+ contours of HATCT Type 1.  
(b) The y+ contours of duct no. 1 (TSR=5).

Here, the numerical results of the thrust, torque and 
power coefficients obtained from the numerical simulation 
are presented at different TSR (= ωR

V  ) ranging from 3 to 10, 
assuming rotating speed of 270 RPM or 4.5 RPS (ω = 2πn

60  = 
28.26 rad/sec) as a constant, and varying the current velocity 
V is from 0.9896 to 1.9792 m/s. Radius of rotor is 0.35 m, as 
given in Table 3.

For validation, the results obtained from the turbine 
simulation are compared with the article by Song et al [11]. In 
the conducted experiment, a horizontal-axis HATCT within 
the tip speed ratio (TSR) ranges of 5 to 10 was studied in the 
towing tank of the Pusan National University, South Korea. 
Validation for Type 1 and Type 4 have been compared between 
present numerical method and experimental data. As shown in 
Fig. 7, the obtained numerical results have a good correlation 
with experimental data. The numerical results are calculated at 
TSR ranges from 3 to 10. Maximum power coefficient of Type 1 
and Type 4 are abstained 0.43 and 0.45 at around TSR = 5.4.

RESULTS AND DISCUSSIONS

Pressure coefficient 
The pressure coefficient (CPress) is an essential parameter 

for calculation on the turbine blade surface. This coefficient is 
defined as follows:

CPress = PL– Pref
0.5ρV 2R       (4)

where Pref is the reference hydrostatic pressure, PL is the local 
pressure, and ρ is the fluid density. VR is resultant velocity  
(VR = √V 2+(rω)2).

The comparison of the pressure coefficient (at TSR = 5) for 
six turbine blade models at different radial sections (0.3R, 0.65R, 
0.95R) from leading edge (x/C = 0) to trailing edge (x/C = 1) 
is presented in Fig. 8. As observed, the pressure coefficient for 
six different types is around –2 < CPress < +1, the positive value 
is at face side and negative is back side. This different pressure 
causes to make a force and produce torque to rotate the rotor 
and generate power.

Pressure contours
Fig. 9 shows the pressure contours for Type 1 at TSR = 5 

and TSR = 7.4, displaying the pressure in front and behind 

Fig. 8. Pressure coefficient (CPress) as a function of the chord ratio (x/C) at different radial (TSR = 5).

Tab. 3. Operation condition of the turbine. (n=4.5 RPS, R=0.35 m).

Fig. 7. Comparison between numerical results and experimental data  
for Types 1 and 4 (Experimental data is from Song et al. 2012 [11]).

TSR Velocity (m/s)

5 1.9792

5.4 1.8326

5.9 1.6773

6.6 1.4994

7.4 1.3373

8.3 1.2068

9.2 1.0757

10 0.9896
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the blade (high pressure and low pressure) and the pressure 
at radial sections (0.3R, 0.65R, 0.95R). The pressure side of 
a HATCT blade is the side facing the flow of water, where the 
pressure is higher. The suction side is the side facing away from 
the flow, where the pressure is lower. The difference in the 
pressure distribution observed on the blades leads to different 
performance and efficiency for each type. 

Fig. 9. Pressure contour of Type 1.

Hydrodynamic performance 
The effects of changing the blade profile and adding winglets on 

the hydrodynamic performance of the HATCT are investigated. 
Fig. 10 shows the thrust, torque and power coefficients (CT, CQ 
and CP) versus TSR for all 6 types of the different blade profiles. 
More power is obtained by type 5 and its maximum value is about 
0.47 at TSR = 5.4 and all types have maximum at this TSR. With 
increasing the TSR from 5.4 to 10, the CP decreases up to 0.06 
at TSR = 10. Type 5 increases the  and by approximately 11% at 
TSR = 5 compared to Type 1. Type 3 has increased the coefficients 
by approximately 4% compared to Type 1. Another effect by 
winglet, it is indicated that adding a winglet to Type 3 increases 
the CP and CQ by approximately 6% at TSR = 5. Additionally, 
Type 2 has increased the CP and CQ by approximately 2.5% 
compared to Type 1. Type 4 has almost the same efficiency as 
Type 6. it is observed that Type 5 (S830 with winglet) has higher 
efficiency than all other types, respectively Type 4, Type 6, Type 3, 
and Type 2 having higher efficiency than Type 1. Because of 
CP = CQ.TSR, trend of CQ is almost the same as CP. But for CT 
is different. From TSR of 3 to 6 the CT is increased and then it 
is slightly changed for all types. The maximum CT is found for 
Type 5, its value is about 0.85 at TSR = 7.4, it is slightly decreased 
when TSR is increased. 

Duct effect
Ducted turbines, also known as turbine diffusers, are 

engineering structures that enhance turbine efficiency. Placed 

at the turbine outlet, it may optimize the outflow pressure and 
velocity. Ducts are used in various turbine types, including 
wind, water, and gas turbines. Their design depends on turbine 
type, operating conditions, and efficiency goals. Ducts control 
outflow, reduce energy losses, and create pressure differences 
for increased energy production. For tidal turbines (HATCTs), 
selecting the right duct profile requires CFD analysis and field 
experiments to ensure compatibility with environmental 
conditions and energy production needs. After validating 
turbine simulations, research focus shifts to simulating the 
duct’s impact on measured parameters. All ducts’ sections are 
from NACA 4-digit profiles. We have simulated 11 types with 
different sections and shapes with the turbine type no 1. Fig. 11 
is shown a typical duct and its dimensions. Chord length of the 
duct is 0.99 m and its inner and outer radiuses are 0.37 m and 
0.51 m. The radius of the turbine is 0.35 and its gap between the 
tip of the rotor and duct is 0.02m. Fig. 12 shows 3-dimensional 
six different ducts.

Fig. 11. Different view of the ducted turbine (gap is 0.02m).

Fig. 12. Three-dimensional view of six different ducts.

Simulation carried out for all 11 ducted types with a turbine 
featuring the NACA63-418 (Type 1) profile at TSR = 5. These 
simulations were conducted after the validation of the turbine 
blade. the results presented in Table 4 and Fig. 13.

Fig. 10. Comparison of the thrust, torque and power coefficients (CT, CQ, CP).
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Tab. 4. Numerical results of Type 1 with 11 different ducts (TSR = 5).

Fig. 13. power coefficient of turbine Type 1 with 11 different ducts,  
as shown in Table 5 (TSR=5)

Ducts no. 4 and 5 have lower efficiency compared to other 
types because they prevent the flow from passing through. It can 
even be observed that the first laced type has a negative effect. 
In the conclusion section, we will discuss and review the results 
of the ducts and the impact of parameters on turbine efficiency.

Streamlines, velocity and pressure of duct
In the following, the contours of streamlines, velocity and 

pressure for a few types are briefly presented. For a duct type 
(NACA7715-3), the pressure and velocity contours are shown 
in a horizontal section in Figs. 14 and 15, which allows for 
a clear observation of the pressure and velocity upstream and 
downstream.

Fig. 14. Velocity contour of a horizontal section passing through the duct.

Fig. 15. Pressure contour of a horizontal section passing through the duct.

In wind or tidal turbines, the diffuser expansion ratio (A2/A1) 
plays a critical role. It is determined by the ratio of the cross-
sectional area at the diffuser’s outlet (A2) to that at its inlet (A1). 
This ratio greatly influences the expansion of the flow within 
the diffuser, thereby affecting the turbine’s efficiency. Fig. 16 
presents the streamline with and without duct.

Fig. 16. Streamline of HATCT with and without duct.
Laced ducts are used in HATCTs design to protect turbines 

from debris and unwanted death of marine animals. Fig. 17 
shows the axial velocity contour at 0.5R downstream of the 
turbine with a Lace duct, and shows the axial velocity contour 
at 0.5R upstream of the same turbine. As can be observed, due 
to having a lace, prevents the flow from passing through, which 
leads to a reduction in the extracted power.

Fig. 17. Axial velocity contour at the distance of 0.5R upstream  
and at 0.5R downstream of the turbine.
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Fig. 18 shows the pressure distribution contour on the laced 
duct. At the duct inlet, the pressure has increased due to the 
presence of a lace and then decreases upon hitting the turbine. 
At the outlet, the pressure has also increased. The velocity 
contour on a horizontal section is also presented in Fig. 19.

Fig. 18. Pressure contour on the surface of the laced duct.

Fig. 19. Velocity contour from a horizontal section passing through  
the duct with lace.

CONCLUSIONS

The effect of the duct shape and blade sections were 
numerically investigated to find the hydrodynamic performance 
and power extraction of the HATCT. A finite volume-based 
RANS solver has been used to evaluate the performance of the 
different types. Validation was made through the comparison 
of both numerical results against experimental test data. Many 
results such as torque, thrust and power coefficients, pressure 
distribution on the blade and duct, flow behind the turbine 
were presented and discussed. The main results of this study 
are given as follows:

Blade section effect
•  It was found that among the 6 different turbine types, type 

5 is found the higher efficiency (0.47) at around TSR of 5.4. 
Also, all turbine types have maximum CP at the same TSR.

•  Pressure coefficient distribution at both face and back sides 
of the blade are given around +1 to -2 at three different radii 
(r/R = 0.3, 0.65 and 0.95) for all types. It is also shown that 
for all types the same trend are found in chordwise direction 
from leading edge to x/C = 0.4 and after that till trailing edge.

Duct shape effect
•  Checking with different ducts at TSR = 5, it is found that 

the highest efficiency obtained for the duct 7715 with its 
angle of 15 [deg.].

•  The influence of the camber, duct angle, zigzag shapes at 
LE and TE, and laced duct on the power coefficient were 
presented and discussed. 

•  Pressure, velocity and streamline are also demonstrated 
around the turbine and duct to ensure some phenomena. 

NOMENCLATURES

A Area
Cp Power coefficient
CQ Torque coefficient
CT Thrust coefficient
CPress Pressure coefficient
n Rotating speed
P Power
PL Local pressure
Pref Reference hydrostatic pressure
Q Torque
T Thrust
LE Leading 
TE Trailing edge
TSR Tip speed ratio
V Current velocity
VR Resultant velocity

Greek Symbols
ρ Density (kg/m3)
ω Angular velocity
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