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Abstract

All modern hydro-kinetic turbines are being designed based on a lift, using airfoils, which should have a significant lift
to drag ratio to achieve maximum efficiency.SG604X family airfoil has significant lift-to-drag ratio under an operating range
of Re from 105—106, which also come under our working conditions. Blade Element Momentum (BEM) theory was used
to obtain optimum blade shape. The iterative numerical approach was used in MATLAB to calculate optimized blade profile
and coefficient of performance (Cp). After grid independency test, finally k-w shear stress transport (SST) and the k-e model
with enhanced wall treatment were used for calculation of the lift coefficient and the drag coefficient of airfoil SG6043. The
performance of the rotor overall expected tip speed ratio (T.S.R (1)) was calculated and found that maximum Cp jnax is 0.51
at optimum A,p; of 5. The suitability of SG6043 airfoil over NACAQO12 airfoil in our case has been shown.

(© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Conventional hydropower plant requires a high head of water to drive turbines, but what if, there are zero
head or little head of water. A feasible solution to this lies in hydrokinetic turbines (HKT). HKT systems are
electromechanical energy converters that convert the kinetic energy of river streams, tidal currents and human-made
water channels into other usable forms of energy.

1.1. Hydro-kinetic turbine’s principle

The energy conversion principle of HKT and wind turbines is the same. So for the study of free flow hydrokinetic

turbines, the corresponding parameters of wind turbines can be used [1]. The amount of hydro-kinetic power
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available for extraction depends on the fluid velocity (V,), rotor swept area (A) and density of the fluid (p). The
power coefficient (C,) determines the performance of HKT as expressed in Eq. (1) [2]. The typical overall efficiency
for a hydrokinetic turbine with low mechanical losses is approximately 30% [3]. The performance of HKT depends
primarily on these design parameters, tip speed ratio (TSR), solidity (o) and blade pitch angle (6,). The T.S.R (1)
expressed in Eq. (2) is defined as the ratio of the blade tip speed to the free stream fluid velocity (V,). The Solidity
is related to the radius (R), blade chord length (c), and some blades (B), and it is the ratio of the planform area of
the blades to the swept area as expressed in Eq. (3).

Generally, a low solidity axial flow turbine turns at a higher TSR than a high solidity turbine, results in higher
rotational speed for the same diameter and current speed. However, solidity should be kept around 30% to produce
enough starting torque, as demonstrated by the Brazilian and Australian experiences [2,3].

P Rotor Power

p= 3 = - €Y
(1/2)pAV; Power in the water current
2R

A= v (2)
Bce

o= =R 3)

Hydrokinetic energy converters can be divided into lift based and drag based machines. The maximum power
coefficient, which can be achieved in a drag based device, is 0.29, which is significantly lower than the Betz limit of
0.593 [4]. Hence, all modern hydrokinetic turbines are being designed on lift principles, using airfoils which should
have a significant lift to drag ratio to achieve maximum C,. Comprehensive reviews on HKT including detailed
fundamental studies and turbine classification can be found in [5,6].

Among HKT, small capacity turbines generally come in the range of 1-10 kW. These small turbines compare
to the giant turbines differ significantly in terms of operating Reynolds numbers (R,). The R, for the turbine under
5 kW is between 10°-10°. From the literature, it can be stated that for the small capacity HKT, many have opted
that airfoil which was designed either for a large wind turbine or other applications [7-9].

There is no reasonable procedure to choose the appropriate airfoil for HAHKT rotor, because of the wide range
of angle of attack («) over which a blade operates. An effort was made in designing the airfoil to enhance the
performance of small wind energy systems. Four airfoils (SG6040, SG6041, SG6042 and SG6043) were wind-tunnel
tested at R, between 10° to 10°. The results showed that small variable-speed wind turbines should benefit from
the use of these new airfoils, which provide improved lift-to-drag ratio performance as compared with previously
existing airfoils [10]. Hence these airfoils are suitable and being used in our work because it was designed for the
same operating conditions.

2. Blade design and modeling

When modeling the performance of HAHKT designs, the most employed method is the Blade Element
Momentum theory (BEM) [11-13]. In this theory, the rotor blade is divided into some elemental sections, and the
torque is calculated from equating the blade forces generated by these blade elements to the momentum changes
occurring in the fluid through the rotor disk. Fig. 1 shows the velocity diagram for the current configuration, where
Ve 1s the relative velocity; the combination of axial fluid velocity (U,), and tangential fluid velocity due to the
rotation (U;). The angle between chord and rotor plane, between the rotor plane and V,,; and between chord and
V., are local pitch angle (9), flow angle (@) and angle of attack («), respectively. The blade geometry for an

.

uz) Plane of blade rotation
a

Fig. 1. Velocity diagram for airfoil.
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optimum rotor was calculated using the BEM theory with the incorporation of Prandtl’s tip loss correction factor
to account for losses due to fluid flow from the pressure side to suction side at the blade’s tip [14].

Table 1. Blade designed data.

Design parameters Values
Rated power (W) 1000
Nominal water current velocity (m/s) 2
Design TSR (1) 4
Number of blades 3
Airfoils SG6043

The fixed point iterative numerical approach was used in MATLAB to calculate optimized blade profile, and C,,.
Blade designed data are shown in Table 1. The performance of the rotor overall expected tip speed ratio (T.S.R (1))
was calculated and found that maximum Cp, ;e 1is 0.51 at optimum A, of 5. Blade geometry was calculated for
this optimum TSR and of blade pitch angle 3.3 degree, which is shown in Table 2.

Table 2. Local pitch angle and chord distribution along blade.

r [m] a [°] 0 [°] [°] ¢ [m]
0.2 3.5 16.2 19.7 0.096
0.24 35 13.8 17.3 0.086
0.28 3.5 11.7 152 0.078
0.32 35 9.8 13.3 0.070
0.36 3.5 8.2 11.6 0.063
0.4 35 6.8 10.2 0.056
0.44 3.4 5.6 9.0 0.051
0.48 33 4.7 8.0 0.046
0.52 3.1 4.0 7.1 0.041
0.56 2.6 3.5 6.1 0.038
0.6 2.5 33 5.8 0.035

3. Computational domain specification and meshing for CFD analysis

The two-dimensional calculations of the SG6043 airfoil were performed using ANSYS-Fluent computational
fluid dynamics (CFD) software. To improve the stability of the numerical simulations, the outer boundary in C-
Mesh as shown in Fig. 2 was extended 20 chord lengths after the airfoil. ICEM meshing tool was used to generate
the unstructured grids in the domain. To capture the boundary layer effect, the high-resolution structured grids were
generated around the airfoils. Convergence criteria for x, y, and z momentum, k£ and @ were set to 1le—06.

As a starting point for 3D simulation of the rotor, CFD analysis was done first with NACA 0012 airfoil and
then with SG6043 airfoil on the tapered blade without a twist, having chord length at the root (.096 m) and tip
(.035 m) of the blade. As shown in Fig. 3, the computational domain consists of two cylinders; the inner cylinder
is extending 7.5 rotor diameters and the outer one ten rotor diameters, respectively, in the axial direction. The rotor
is placed inside the inner cylinder. The hub is not included in this model.

A tetrahedral/hybrid mesh was created in the entire domain using ICEM meshing tool. The inner cylinder is
rotating while the outer one is stationary. Velocity inlet and pressure outlet boundary conditions (b.c.) were set. The

Velocity inlet Wall  Pressure outlet

Fig. 2. 2D computational domain with boundary condition.
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Fig. 3. 3D computational domain with boundary conditions.

symmetry b.c. was applied on top of the stator. The pressure outlet b.c. with atmospheric pressure was applied on
the right surface of the outer one. Using periodicity, the flow was simulated around one blade and extrapolated the
solution to two more blades to visualize the results for a three-bladed rotor. A moving reference frame (MRF) was
incorporated to take into account the rotational effect of the rotor because the unsteady flow field becomes steady
w.r.t. MRFE. The assumed water current flows towards the positive x-direction at 2 m/s, which is mean flow velocity.
This incoming flow is assumed to rotate the blade about the x-axis (the blade is thus spinning counter-clockwise
when looking at it from the front).

At standard conditions (20 °C) the density and viscosity of water are 998.29 kg/m? and 1.003x10~3 (Pa s)
respectively. Amongst different turbulence model, SST k-w model was used. Second order UPWIND scheme was
used for discretization, and the SIMPLE algorithm was selected for solving pressure-velocity coupling. The PRESTO
scheme was adopted due to its superiority for flows with steep pressure gradients as the present case [15].

4. Results of numerical analysis

Among various turbulent models available in the ANSYS-Fluent, three different turbulent models were investi-
gated for six different near wall grid spacing around the airfoils — see Fig. 4. The results were compared to the
XFoil software packages and wind-tunnel test [10]. After grid independency test, k-w shear stress transport (SST)
and the k-e model with enhanced wall treatment were used for calculation of C; and C,; and found that the k-w
SST model is in good agreement both for C; and C; — see Fig. 5.

Airfoil characteristics of both SG6043 and NACA 0012 airfoils have been shown in Table 3. In Table 4, the
calculated torque for the rotor with two different airfoils NACA0012 and SG6043 has been compared. When the
rotor was stationary, the torque was zero, and 9.67 N m for NACAQO012 airfoil and SG6043 airfoil, respectively,

14 Grid Independency Test 0.05 Grid Independency Test
’ == k-w SSt ’ =
1.35 = k-eenh 0.045 — ke enh
A =uuunk-e std
1.3 xfoil 0.04 foil
oxp ——exp
1.25 0.035 — -t
- .-... - . - “."
o 12 o 003 .."-l---nn-n-------“-ﬂ- -,
-
“.I e, -—
1.15 T g 0.025
11 7 e, 0.02
G i P E
1.05 0.015 i —
1 ‘ . 0.01 H e
107 10 10 10
The height of first cell from the hydrofoil surface The height of first cell from the hydrofoil surface

Fig. 4. Lift and drag coefficient at «=5° and R,=2x10°.
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Fig. 5. Comparison of lift and drag coefficient between experimental and fluent at R,=2x10°.

Table 3. Airfoil characteristics at R, = 2 x 10%, Airfoiltools.com.

Parameters Thickness Camber Max (C;/Cq) Stall angle
SG6043 10% 5.5% 98.01 5.5
NACA0012 12.0% 0.0% 47.43 5

Table 4. Comparison of torque for two different airfoil.

N Torque (N m) for one blade of the turbine

(rad/s) Blade with NACA0012 Blade with SG6043
0 0.03 9.67

1 11.77 22.34

2 17.41 24.59

3 25.3 32.22

which justifies the selection of SG6043 over NACAO0012. When rotor rotated with three or higher rad/s, the torque
for the blade with NACAQO012 is comparable to SG6043, this is because rotor blade with SG6043 airfoil suffers
much with the separated flow around the blade and it demands local pitch angle (6) along the blade which is shown
in Table 2.

5. Conclusions

The two-dimensional calculations of the SG6043 airfoil were performed using ANSYS-Fluent computational
fluid dynamics (CFD) software and the results had been compared to the X-Foil software packages and wind tunnel
test. It has been found that among various turbulent models available in the ANSYS-Fluent the k-w shear stress
transport (SST) model is in good agreement with X-Foil software packages and wind-tunnel test both for C; and
Cy.
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