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Abstract - Objective: Most researchers worldwide have studied large and medium-scale wind turbines. Small and micro-scale
wind turbine research has been explored for various applications. The present study emphasizes the development of a blade
profile for micro-scale wind turbines. Methods: A new airfoil was designed for horizontal axis microscale wind turbines using
Q-Blade simulation software. An airfoil three-dimensional model was developed in solid works. Ansys Fluent was used to
perform CFD simulations of two and three-dimensional models of airfoils having an angle of attack (AoA) ‘o’ in the 0° to 15°
range. Findings: Simulation results obtained through CFD and Q-Blade were compared with wind tunnel experimental results.
Q-Blade, CFD simulation, and experimental wind tunnel results reveal that with the increase in AoA up to 5% the lift-to-drag
coefficient (Ci/Cy) increases, and after that, it drops down. Novelty: Q-Blade and CFD simulation have the potential to minimize

the dependency of the researchers on experimentation.
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1. Introduction

Renewable power capacity of India till 315 March 2022
was 109885.38 MW. Solar power, wind power and biomass
power contribution were 53996.54 MW (49.1%), 40357.58
MW (36.7%) and 10205.61 MW (9.3%) respectively [1]. The
wind turbines are categorized according to their capacities of
power generation viz; micro (50 W- 2 kW), small (2.1 kW- 40
kW), medium (40.1 kW- 999 kW) and large (1 MW - 6MW)
[2]. Large-capacity wind turbine farms may lead to significant
weather changes [3,4]; hence to avoid this, the use of micro to
small-capacity wind turbines was preferred for domestic
applications. Their keen observation was work is necessary to
be done on the study of the effect of airfoils on the
performance of wind turbines [5]. Bukala et al. [6] reported
that the Weibull or Rayleigh probability distributions model
gives better estimates of wind energy generation than those
obtained using the yearly wind speed of the location.
Abdoulkader Ibrahim Idriss et al. [7] applied the Weibull
probability distribution model with two parameters for wind
prediction. It provides better results while analyzing variable
data. Lee et al. [32] applied baseline blade theory (BBT) and
blade element momentum theory (BEMT) for the design of a
blade. The power coefficient obtained using BEMT was 50%
more than that of BBT. Kazumasa Ameku et al. [9] designed
the thin airfoil blade for 3 KW power. It was capable of
generating an output of 1105 W, having a coefficient of power

of 0.14[8]. Pourrajabin A. et al. [10] designed the micro-scale
wind turbine blade of the horizontal axis for low wind speed
using a genetic algorithm optimization technique. The chord
and twist of an airfoil were optimized for 0.5, 0.75 and 1 kW
capacity. Ozgener [11] performed an optimization analysis of
a small-scale wind turbine blade. They recommended that the
blade profile should be optimized within the constraint of its
aerodynamic property. Ankan Dash [12] analyzed the NACA
0012 at various angles of attack with a constant Reynolds
number for wind turbine airfoils. He reveals that CFD analysis
is a proficient substitute for the experimental method. Jin Yao
et al. [13] analyzed the airfoil aerodynamic work and results
compared with the experimental data. Rodrigues et al. [14]
suggested guidelines for developing small-capacity wind
turbines using scrap material. Abdulkadir ali et al. [33]
analyzed the various tip configuration for the wind turbine of
the horizontal axis.

Monteiro et al. [16] performed the testing of a wind tunnel
for the wind turbine rotor of the horizontal axis. Experimental
and simulation results with two blade element momentum
codes match closely[15]. It was concluded that the proper
selection of small-scale wind turbines for airfoil and optimized
rotor blades are necessary [17]. Choubey et al. [18] performed
the CFD analysis and concluded that the optimal power is
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obtained at an angle of 10° out of the remaining angles of 2. Design and Simulation of an Airfoil using Q-
attack 0°, 10°, 15° and 30° with a wind velocity of 4 m/s. Ani Blade

[19] found that hybrid PV/wind system shows better results in
terms of Net Present Cost (NPC). The wind turbine with three
rotor blades achieves maximum efficiency at the tip speed
ratio in the range of 6-8 [20]. N. Bizzarrini et al. [21]
investigated the methods to minimize energy costs with the
key elements. The energy capture to energy loading ratio of
tailored airfoils was found to be enhanced due to its
aerodynamic nature. A wind turbine blade is categorized as
tip, mid and root.
. . coefficients.
The root part plays an important role during structural
considerations, while the tip part is during aerodynamic
considerations. Ernesto Benini et al. [22] studied the designs
of HAWT to maximize its annual energy production (AEP)
and minimize the cost of energy (COE) produced. COE and
AEP were found to be mostly influenced by turbine size and
rated power. Xiongwei Liu et al. [23] Optimized the slope
between the blade chord and twisted angle with a linear, radial
profile for a fixed-pitch, fixed, speed turbine. It enhances
power performance with minimum manufacturing cost.

airfoil profile using Q-Blade software.

2.1. Q-Blade Simulation Results

Small and micro-scale wind turbine efficiency relies on;
airfoil profile selection, number of blades and environmental
conditions. Airfoil aerodynamic properties influence the
efficiency of wind turbines. The present work emphasizes
airfoil profile design and analysis for a microscale wind
turbine of a horizontal axis using Q-Blade and ANSYS fluent
software. The Q-Blade and Ansys fluent CFD results are
moderately matched for the predicted C/ Cq ratio at o = 5°.

0.0085 and 120.94, respectively.

allows it to rotate at low speed with a low o angle [24, 25].
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Wind turbine aerodynamic simulation can be performed
using open-source Q-Blade software. The airfoil analysis and
design tool (XFOIL) is incorporated into Q-Blade software.
The integration in XFOIL allows users to compute the
performance curve of the airfoil [34]. The maximum camber
of the designed airfoil was 4.75% of the chord; it is situated at
46.20% of the chord from the leading edge and has a
maximum thickness of 12.93% of the chord at 30%. The
airfoil was designed for high lift with minimum drag

The airfoil was investigated for thrust, power, drag and lift
coefficient. The simulation was performed by keeping wind
speed, kinematic viscosity, Reynolds humber and air density
constant. The values of these parameters were 12 m/s,
1.79x10° kg/m-s, 823000, 1.23 kg/m? and respectively. The
AoA varied from 0° to 15° Fig. 1 represents the designed

From fig. 2, it is observed that there is a linear increase in
Ci/Cq ratio till o reaches 50, and after that, it decreases
gradually. At a = 50, C;, Cq, and C/Cq ratios were 1.028,

The assumption of a horizontal axis wind turbine is based
on maximum lift force, and a low Reynolds number airfoil

AFoll
Name Thickmness (%) at (%) Camber (%) at (%) Points TE Fap (deg) TE XHinge TE YHinge Show Points Centerline Style
1 Spline foil 9,03 3120 000 000 60 0.00 000 600 = a a |
2 New Foil 1293 2830 476 4630 61 0.00 000 000 = m} O |

Fig. 1 A newly designed airfoil
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The airfoil profile was changed from the rotor to the tip r
section, and its aerodynamic properties were examined at
different blade sections. Optimum rotor theory was used to ‘
estimate the shape of the blade having a midpoint radius ‘r’ }\
[16]. =)

Fig. 3 represents the rotor blade assembly developed A
using Q-Blade software. The blade was discretized into ten / i\\
equal elements, each having a length of 0.08 m. Chord length ey L

at the start and end positions were 0.117 m and 0.031 m, = >
respectively. Fig. 3 Designed rotor blade model
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Fig. 4 Power coefficient (C,) vs tip speed ratio (A)
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Fig. 6 Wind power vs Wind velocity

During the simulation, wind speed and tip speed ratio (A)
ranged between 0-12 m/s and 1-15. Fig. 4 depicts that at a
zero tip speed, the rotor will not rotate and therefore has zero
power coefficient. The power coefficient is high at a tip
speed ratio of 7.

Therefore, a tip speed ratio of 7 was selected for blade
design with a power coefficient of 0.45. Ronit K. Singh and
M. Rafiuddin [26] designed and tested a new airfoil for 3-6
m/s wind speed. For 6 m/s wind speed, they obtained a
maximum power coefficient of 0.29.

Fig. 5 depicts that A is directly proportional to the thrust
coefficient (CT). The maximum value of the thrust
coefficient is unity for axial induction factor 0.5 and is less
than or equal to 0.96 for axial induction factor 0.33 [16].
From the simulation, it was observed that at A =7, the CT =
0.91.

From fig. 6, the blade cannot rotate until wind velocity
reaches 3 m/s due to insufficient thrust. Wind power and
velocity have a linear relationship during the wind velocity
range of 3-8 m/s, which was exponential during 8-12 m/s.
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3. 2D CFD Simulation of an Airfoil

Energy, momentum and continuity equations are the
backbone of CFD. Finite volume and difference methods are
used to discretize the partial differential equations. The
present work examined turbulent flow using Reynolds
averaged Navier-Stokes (RANS). 3.1. 2D CFD Simulation of
Airfoil

Fig. 7 represents the airfoil surface obtained through a
profile that passes through the vertices. Fig. 8 shows C- Mesh
and rectangle domains with ten and twenty-time chord
lengths, respectively, were created from the tail of the airfoil.
The airfoil was subtracted from the domain. A good quality
mesh was obtained using forward and reverse bias factors 150.
The number of element divisions for the edge towards the
airfoil and round edge was selected as 50 and 100,
respectively. Fig. 9 represents the mesh near the airfoil; 4500
element consists in this meshing out of 500 elements on the
airfoil. Fig.10 shows the domain labeled as airfoil, inlet and
outlet.

The standard wall function of turbulent model k-¢ was
selected. A bluff body surrounded by air having a low
Reynolds number can be precisely simulated using this model.
It gives good results for large pressure gradients at boundary
layers. Kevadiya et al. [28] examined a 2D analysis of NACA
4412 airfoil at an angle of 0° to 12° and a constant Reynolds
number of 100000. The density, kinematic viscosity of air was
taken as 1.23 kg/m®and 1.785x10°° kg/m-s, respectively. The
wind speed is kept constant at 12 m/s. The wall was considered
stationary and should follow the condition of no sleep shear.
The semi-implicit CFD algorithm was preferred for
performing the simulation [27].

3.1. 2D CFD Simulation Result and Discussion

Fig. 11 states that at o = 5° the C/Cyq ratio reaches its
maximum value of 49.04, and after that, it decreases due to an
increase in drag force. The corresponding C; and Cq4
coefficients were 1.09 and 0.023. Douvi et al. [25] concluded
that the high AoA does not provide correct results for the
turbulent model in commercial CFD software.

Fig. 12 (a-f) represents the pressure distribution contours
corresponding to a values lying between 0° to 15°. The
simulation was performed on a structured grid using a
pressure-based solver. Airfoil top surface and leading edge
were subjected to low and high pressure, respectively. As the
value of a increases, subsequently, the pressure on the lower
side of airfoil walls increases. The lift force will force the
airfoil in an upward direction. For a angle, 3° to 5° pressures
at the lower surface of the airfoil is a more, and the upper
surface drag is less, which results in a maximum C, /Cq ratio.

The flow velocity was observed to be approximately zero
at the leading edge (stagnation point); hence the separation of
the boundary layer started occurring, as represented in fig. 13
(a-f). The velocity of the stream was found to be the utmost
for an airfoil top surface, while at the bottommost surface, it
is found to be reduced. As the AoA reaches 10° or above, the
backflow is generated (vertex) at the trailing edge. The
generated black flow increases the drag, which leads to a
reduction in the efficiency of the blade.

Hence it is essential to keep AoA at maximum C; to
minimum Cqy. At the trailing edge, boundary layer separation
increases with increasing a angle. After angle 15°, strain drag
is high at the trailing edge.

>

Airfoil

E

Fig. 7 Computational domain of airfoil
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Fig. 11 C/Cq ratio of airfoil during 2D CFD simulation
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(d) AoA &

(e) AoA 10°

(f) AoA 15°
Fig. 12 Contours of pressure at various e angles for an airfoil

56



Sanket S. Undeet al. / IJETT, 71(8), 48-65, 2023

(a) AoA 0°

(b) AoA 3°

(c) AoA 5°
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(d) AoA 8°

(e) AoA 10°

(f) AoA 15°
Fig. 13 Velocity contours at various e angles for an airfoil
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4. 3D CFD Simulation of an Airfoil

The two identical curves placed at a 0.8 m distance apart
in the z-axis were prepared using solid works. These curves
were converted into the surface, and then they were joined
using a skin tool.

Fig. 14 shows the domain names given as airfoil, inlet and
outlet. Fig. 15 shows the automatic meshing was performed
by selecting the six airfoil edges. The number of divisions on
each edge was given as 50.

The standard wall function of turbulent model k-g& was
selected. It takes advantage of both models, namely kinetic
energy and energy dissipation rate. During large pressure
gradients at boundary layers, this model gives good results.
The air was selected as fluid material with wind speed, air
density, kinematic viscosity, enthalpy and the ratio of specific
heat as 12m/s, 1.22 kg/m?®, 1.7894 x 10 kg/m-s, 23546.47,
1.4 respectively.

Fig. 14 Name selection

1.500

Fig. 15 Meshing of the blade enclosure
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Fig. 16 Coefficient of the lift-to-drag ratio ofa blade
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4.1. 3D CFD (FLUENT) Analysis Result

The blade was analyzed for lift and drag coefficient
parameters. Fig. 16 indicates that C\/Cq ratio reaches its
optimum value at a= 4% and after that, it decreases. The lift,
drag coefficient and maximum value of the C/Cy ratio were
obtained as 0.0519, 0.00266 and 19.51 at an angle (a) 4°.

Fig. 17 (a-d) shows pressure contours at various angles
a. The simulation was performed using a density-based solver.

The top surface of the blade was subjected to low pressure,
while the lower edge of the blade and the leading edge were
subjected to high pressure. The high pressure on the lower side
of the blade causes the blade to lift in an upward direction due
to lifting force. The blade's position is normal to the airflow
stream. The maximal value of the C, /Cq ratio was obtained for
the value of o in the range of 4° to 6°. The main reason behind
this was that, during these angles, pressures at the lower blade
surface were more and upper surface drag was less.

[ EEEaaa——  E—

0.200 (m)
0.150

(a) AoA 0°

[Pa]

0

0.050

0.100 (m)
]

0.025

0.075

(b) AoA 5°
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Fig. 17 Pressure contours at various e angles for the blade

Fig. 18 (a-d) shows CFD simulation at various a angles
of velocity streamline. These simulationswere obtained for a
density-based solver. The boundary layer separation has
initiated on the leading edge, and the velocity of the stream is
roughly zero. The maximum and minimum flow velocities
were obtained at the blade's top surface and lower portion,

61

respectively. As the AoA reaches 10° or above, the backflow
is generated (vertex) at the trailing edge. The backflow
increases Cqand reduces the efficiency of the blade. The Value
of AoA should be selected so that the maximum value of the
C, /Cq ratio might be obtained.
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(b) A0A 5°

(c) AoA 10°

62



Sanket S. Undeet al. / IJETT, 71(8), 48-65, 2023

(d) AoA 15°
Fig. 18 Velocity Streamline at various e angles for the blade
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Fig. 19 Coefficient lift-to-drag ratio of Q-Blade, Wind tunnel, 2D and 3D simulation

5. Result and Discussion

Fig. 19 represents lift to drag ratio for Q-Blade, CFD
simulation and wind tunnel experimental result for values of a
in the range of 0°-15° The wind tunnel results show a
maximum Cy/Cq ratio of 105.50 was obtained at a = 5° with C,
and Cqas0.939 and 0.0090, respectively. The results obtained
through experimentation on wind tunnel, Q Blade and CFD
simulation show a maximum value of C//Cq ratio at a = 5°. The
2D and 3D simulation results represent the highest Ci/Cq ratio
at o = 5% Kog et al. [29] analyzed comparing Q-Blade and
CFD simulation results for small-scale wind turbines at
transient conditions. Analyzed the comparison between the
Blade Element Method and CFD simulations of wind turbines
[30,31]. The values corresponding to lift and drag co-efficient
differ in 2D and 3D simulation. During 2D simulation, only
the surface of the airfoil was selected, while during 3D
simulation, the entire blade geometry, along with the twist
angle, was considered.

6. Conclusion
The micro-scale wind turbine performance is mostly
affected due to environmental constraints viz; wind speed,

63

temperature and location. Airfoil with aerodynamic profile
plays a crucial role while designing high-performance wind
turbines. Pressure and velocity distribution profiles were
obtained by performing Q-Blade and CFD simulations.

The Q-Blade approach reveals that at o. = 5° C;, Cq, and
Ci/Cy ratios were 1.028, 0.0085 and 120.94, respectively.
When A is 7, Cp has a high value of 0.45. Airfoil 2D CFD
analysis using the standard k-e¢ turbulent model shows that
Ci/Cq ratio has a maximum value of 49.04 at a = 5° and
decreases due to increased drag force. The corresponding
value of C;and Cq were 1.09 and 0.022, respectively.

A blade CFD result reveals that C\/Cq ratio obtains its
maximum value at a = 4% and later it decreases. The C;, Cq
coefficient and maximum value of the C/Cy ratio were
obtained as 0.0519, 0.00266 and 19.51 at an angle (o)) 4°. The
wind tunnel approach reveals a maximum C/Cq ratio of
105.50 was obtained at o = 5° with C, and Cq as 0.939 and
0.0090, respectively. Hence, the maximum C/C, ratio can be
obtained by keeping the AoA in the scope of 4° to 5°,
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