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Abstract. Horizontal axis tidal current turbine (HATCT) is one of the strong-
est devices to generate electricity using the hydraulic flow. These devices need
to act under an optimum blade pitch angle to prevent power losses. In the present
work, the blade element momentum theory (BEM) was used to initial design of
a 2-Bladed HATCT. The turbine was modeled in -60 till +60 blade pitch angle
and the performance of the turbine at the tip speed ratios (TSRs) between 4 to 6
was assessed through a computational fluid dynamic (CFD) analysis. The outputs
were pressure contours, turbulence kinetic energy (TKE) contours, streamlines,
torque, and power coefficient curves (Cp). Our novel and considerable results
showed the maximum amount of Cp is 0.29 in 00 blade pitch angle at TSR 5
which prevents power losses significantly. Also, it is possible to improve perfor-
mance by setting blades pitch angles in different TSRs.

Keywords: Horizontal axis tidal current turbine, Power coefficient, Tip Speed
Ratio (TSR), Blade pitch angle, CFD.

1 Introduction

Tidal current technology is one of the most adequate ways to use renewable energy
for reducing environmental pollution [1]. It is more predictable and controllable in com-
pression with solar cells, tidal waves, wind, etc. [2, 3]. HATCTs are able to generate
more power with respect to the vertical axis turbines in hydrokinetics turbine types [4,
5]. There have been several projects available to develop HATCTs for commercial ap-
plications e.g. MeyGen, West Islay, and SR2000 [6-8]. Many researchers have studied
different aspects of HATCTs design such as wake [9] and farm [10, 11]. Hee Jo et al.
[12], designed a 2-Bladed HATCT based on the BEM-CFD method with a 10 m diam-
eter (D) and showed 86% of velocity design improvement at 18D downstream. A new
insight into tidal turbines was introduced by Tarver et al. [13] who determined that by
reducing the turbine diameter and arranging them into a vertical array, the value of C,
increases. It is of particular importance to set an optimum condition for a turbine when
it is located against the flow, so researchers have tried to recognize the maximum
amount of C, for a single turbine. Hee Jo et al. [14], studied the performance of 3-
Bladed HATCTs to investigate the efficiency of the turbine under different TSRs. In
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contrast with wind flow which raises from the pressure difference, water flow is created
due to the gravity and gush from higher to lower energy levels. So, it is important to
assess the performance of these turbines under different depths and bed slop. Miinch-
Alligné et al. [15], designed a new hydrokinetic turbine for the river usage and showed
the performance of the turbine increases with the depth and the tilt. On the other hand,
Yan et al. [16] showed there is no significant changes for C, after shallow-tip immer-
sion under free surface wave condition. The number of blades is the other important
parameter to design HATCTs since the turbines with different blade number have dis-
tinct performance. Also, it is essential to know why and when engineers need to install
a turbine with a specific number of the blades. Therefore, in a comprehensive numerical
study, Alipour et al. [17] illustrated that with increase the number of blades, the value
of C, improves at the lower TSR .

In recent years, studies have focused on improving the performance of HATCTs by
designing the optimum blades. Goundar and Ahmed [18] designed a HATCT using
different hydrofoils along with the blade. Bi-directional counter-rotating type of
HATCT was purposed by Huang et al. [19] in the way of symmetrical hydrofoils. The
neural network model was used to design a blade by Zhu et al. [20] for enhancing the
performance of HATCTs.

It has been reported that pitch-able HATCTs are useful for the stability of the C, due to
the fluctuation of current velocity for avoiding energy losses resulted from attack angle
control [21]. In this case, the present authors only could find single research that has
specifically addressed the effect of blade pitch angle on the performance of HATCTs
through an experimental investigation [22]. This recent report indicated that with in-
creasing the blade pitch angle from the optimum value, power and thrust decrease so
that reducing the thrust is more obvious than the power.

In this paper, the effect of blade pitch angle from -6° till +6° for TSR 4<TSR<6, is
assessed computationally. A numerical simulation using the CFD approach through
ANSYS-FLUENT software is conducted as a computer assisted method. The results
included pressure contours, TKE contours, streamlines, torque, and C, for different
blade pitch angles and TSRs. The results and conclusions are helpful for developers
who intend to fabricate pitch able HATCTs.

2 Physical model

Design data was extracted using the BEM method [12, 14] and turbine geometrical
modeling was implemented assisting Solidworks software. Fig 1. shows the compo-
nents of the turbine against the flow. To survey optimum performance, the turbine was
designed in different blade pitch angles from -6° to 6°. Fig 2. depicts the clockwise
direction gives a positive blade pitch angle and contour-clockwise provides a negative
blade pitch angle. Fig 3. presents the distribution of attack angle caused by blade pitch
angle changes. As it is obvious, the attack angle decreases by increasing the blade pitch
angle and vice versa.
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Fig 3: Distribution angle of attack due to blade pitch angle variation
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3 Numerical Simulation

In this study, the computational domain was performed using Solidworks as shown
in Fig 4. For numerical simulation, the CFD approach was used through ANSYS-
FLUENT software. The turbulence model was applied based on the SST-k-» model
[23]. This model has been widely employed in the simulation of turbomachines and
tidal current turbines [12, 14, 24]. Also, it consists of k-® and k-e models for close to
the wall and beyond the wall and respectively. The simulations were validated against
the experimental [14] and computational [17] studies reported in the literature. A mov-
ing reference frame was applied to the interface condition between the rotating area and
the fluid domain. Velocity inlet (initially 1 m/s) and gauge pressure (initially zero pas-
cal) were considered as the inlet and outlet boundary conditions of the fluid domain,
respectively. The symmetry condition was applied for the free surface, and the wall
condition was dedicated to the walls. These boundary conditions are presented in Fig
5. To have a precise estimation of the torque, a dense layer of unstructured mesh was
used, and 10 layers of inflation were performed on the boundary layer areas. Fig 6.
shows the vertical section for the computational fluid domain and boundary layer
around the turbine.

Rotary zone(in-
terface) Turbine sur-

faces
Rectangular / -+

fluid domain

Fig 4 Turbine computational domain

symmetry
- -
P
- - B
o
] i -
? - Frame Motion ~—a =
@ e
Sn - - 3
= -
o =3
i -
E L
g - -
z E E
IS wi
a -
- -
- -—

wall

Fig 5: Boundary conditions
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Fig 6: Mesh A) Vertical section, B) Inflation around the blade

4 Performance of the turbine

Turbines convert energy from a fluid into electricity and their performance evalu-
ation is assessed with the value of energy generation. Geometry features, free stream
velocity, and angular velocity are the main characteristics of the assessment of turbine
efficiency [12]. So, the TSR parameter is available to define the operational condition
of the turbine as follows

sk = 2R (1)
%

where w, R, and V' are angular velocity, the total radius of the blade from tip to root,
and the free stream velocity, respectively. Cp is obtained as Eq (2)
P

= - (2
0.5pAV "’

P

where O is the fluid density, 4 is the rotor area, and P is the power generation by the
turbine that calculates through Eq (3):

P=T.w 3)

InEq(3), T is the torque. Substituting Eq. (3) in Eq (2), Cp can be calculated as fol-
lows
T.w

C, =—"_ (4)
P 5p4V 3
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5 Results and discussion

5.1 Validation of CFD work

In the previous work [17], to assure the simulation is accurate, after mesh con-
vergence study, the amount of torque extracted from CFD analysis and conse-
quently C, were compared by experimental results [14, 25, 26]. The number of
errors approximately was about 10% which is in good agreement with experiments.
The main reason for this difference was the energy losses in the experimental model
due to gears and bearings that were not considered in the CFD simulation [4].

5.2  Pressure contours

Fig 7. shows the pressure contours around the airfoils. For all models, the max-
imum amount of pressure is occurred in the leading-edge area due to the minimum
velocity caused by the fluid-blade incident. After passing the flow from the leading-
edge, the pressure decreases due to an increase in velocity. As Fig. 7 shown, by
increasing the bladed pitch angle from -6° to +6° the attack angle reduces, so the
point of separation gradually distances from the leading edge and it moved toward
the trailing edge in the suction pressure area. Passing through 0° blade pitch angle
the amount of pressure increases in the maximum thickness of the pressure side

area and decreasing pressure differences between both sides lead to a decrease in
the amount of lift and torque is reduced.
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Fig 7: Contours of pressure around the airfoils at TSR =5

5.3  Turbulence kinetic energy (TKE)

Fig 8. shows the TKE contours at TSR = 6, for different blade pitch angles. In
-6° blade pitch angles, the value of attack angle is high, and the lift decreases that
causes a reduction in the torque. By increasing the blade pitch angle towards the
range 0° to +2°, the airfoil acts in the range of maximum lift to drag ratio and the
torque enhances. After +2°, the blade pitch angle decreases which leads to a de-
crease in the attack angle, hence the flow starts to fall off from the leading edge,
and the separation area for the pressure side gradually increases. As the result, the
drag generated due to the TKE increases, leads to detract the amount of lift to drag
ratio and consequently the torque decreases.
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Fig 8: TKE contours in various blade pitch angle at TSR =6

54 Streamlines

Fig 9. depicts the streamlines around the blade for 4<TSR<6 in 0°blade pitch angle.
For TSR 4, flow separation can be observed. By increasing the TSR, the attack angle
reduces, so it causes to decrease in separation around the blade. If the tip speed ratio
goes less than 5, the blade is situated with a larger attack angle than that of the maxi-
mum lift to drag ratio, the blade is closed to stall condition and torque is reduced. If the
tip speed ratio goes up more than 5, lift decreases, and the lift to drag ratio is distanced
from the maximum lift to drag ratio and torque reduces. So the maximum amount of
torque can be observed in TSR 5 when the maximum lift to drag ratio occurs.
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Fig 9: Streamlines at different TSRs for 0° blade pitch angle
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5.5 Torque and power coefficient

Fig 10. shows the torque versus to blade pitch angle for 4<TSR<6. The amount of
torque has more stable in TSR 5. By increasing angular velocity till TSR 6, the amount
of attack angle is reduced, besides increasing the blade pitch angle the attack angle goes
down, so the combination of increasing in TSR and blade pitch angle after -2° lead to
extremely decreases attack angle. In this situation drag caused by turbulence increases,
therefore the amount of torque reduces and the minimum amount of torque occurred in
TSR 6 and 6° blade pitch angle.

By decreasing in TSR till 4, the amount of attack angle is increased, also by decreasing
the blade pitch angle the attack angle goes up, so the combination of decreasing in TSR
and blade pitch angle lower than +2°, the attack angle extremely increases. In this situ-
ation, the turbine acts near the stall condition, so the value of torque is dramatically
dropping in TSR=4 and -6° blade pitch angle.

The amount of torque is more stable in TSR = 5 because the attack angle acts near the
optimum lift to drag ratio. At TSR 5, the maximum value of torque occurred in the 0°
blade pitch angle. In the blade pitch angle less than 0°, the attack angle is large, reduc-
tion in the lift to drag ratio occurred and torque decreases. In the blade pitch angle more
than 0°, the attack angle is decreased, and it leads to an increase in TKE, the flow
doesn’t move along the surface and torque reduces.

Fig 11. depicts torque versus TSR in different blade pitch angles. The maximum value
of torque happened between -2° and 2° blade pitch angles. In those angles, the blade
has more resistance under the variation of TSR. In 6° and 4° blade pitch angles, the
attack angles are low, so by decreasing the TSR, attack angle increases and conducts
better lift to drag ratio and torque improves. The trend is inverse for -4° and -6° blade
pitch angle concerning the 6° and 4°. In these conditions, the value of the attack angle
is high, so increasing the TSR decreases the attack angle and improves the torque.
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Fig 10: Torque versus to blade pitch angle in different TSRs
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Fig 12. shows the C, versus the blade pitch angle in different TSRs. As expected, in
most of the blade pitch angles, the maximum amount of C,, has occurred in the maxi-
mum torque achievement. However, in some situations increasing and decreasing in
TSRs, leads to enhancement and reduction in C,. For example, in +6° blade pitch angle,
although the amount of torque was more than TSR 5 is less than TSR 4, but the increase
in angular velocity leads to improvement of Cp at TSR 5 and reduced the discrepancy
of C, between them (6° blade pitch angle, TSR 4 and TSR 5). This condition happened
at TSR 5 and TSR 6 in the 0° blade pitch angle.
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Fig 12: Curves of Cp to blade pitch angle in different TSRs

Fig 13. depicts the C, versus TSR in different blade pitch angles. In a 2° blade pitch
angle, the maximum value of torque occurs in TSR 4, but increasing in angular velocity
in TSR 5, leads to having a better performance with respect to TSR 4. In 0° blade pitch
angle, although the amount of torque in TSR 4 is more than TSR 6, the increase in
angular velocity leads to achieving better performance in TSR 6. The maximum
amount of velocity is observed in TSR 5 and 0° blade pitch angle. Besides, the C, has
more stability due to place in equilibrium conditions of blade pitch angle and TSR
which they performed an optimum attack angle.
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Fig 13: Curves of Cp to TSR in different blade pitch angle

6 Conclusions

In this investigation, a 2-Bladed HATCT was simulated in -6° till +6° in 4<TSR<6.
A computational analysis is carried out to assess the performance of turbines using CFD
through ANSYS-FLUENT software. For turbulence modeling, the SST-k- model was
used. The fluid was considered as incompressible flow and a steady-state condition.
The results indicated that the maximum amount of Cp (0.26) occurs at TSR 5 and 0°
blade pitch angle. For the design a 2-Bladed pitch-able HATCT based on the simula-
tions, there are remarkable relationships which shows that the decreasing in C, due to
increase in TSR, can be compensated by decreasing in blade pitch angle. Also, decreas-
ing in C, due to decrease in TSR, can be controlled by increasing of blade pitch angle.
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