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Abstract
Objectives: To design a blade profile suitable for a micro-capacity wind
turbines. To analyze the performance of a new blade profile in terms of lift to
drag ratio using simulation software such as QBlade and ANSYS Fluent CFD.
Methods: A new airfoil for a micro capacity horizontal axis wind turbine is
designed using QBlade software. A 3D model of the airfoil is prepared using
CATIA. 2D and 3D CFD simulations of this airfoil are carried out using ANSYS
Fluent and the simulation results are compared with those obtained from
QBlade. Findings: It is found that QBlade results for the lift to drag ratio fairly
match with the experimental results at all values of angles of attack (0◦ to 20◦).
3D CFD results also fairly match with experimental results at lower values of
angles of attack (0◦ to 3◦). The optimum value of lift to drag ratio is obtained for
the angle of attack of 3◦-4◦. 3D CFD simulation under predicts lift to drag ratio at
higher angles of attack as compared to the experimental values. Novelty: The
study reports simulation results for an airfoil blade profile of a micro-capacity
wind turbine using both QBlade and ANSYS Fluent CFD (both 2D and 3D). The
simulation results fairly match with the available experimental results.
Keywords: airfoil; microcapacity; wind turbine; lift to drag ratio; angle of
attack; CFD

1 Introduction
As of March 2021, the total renewable energy installed capacity of India is 91.15 GW,
which is 24.5% of the total installed capacity generated from renewable as well as non-
renewable sources of energy (1). In wind power installation, India has ranked 4th with
an installed capacity of 38.62 GW till 31st December 2020 (2). According to the capacity
of power generation, the wind turbines are classified as micro (50 W- 2 kW), small (2.1
kW- 40 kW), medium (40.1 kW- 999 kW), large (1MW– 6MW) and ultra large (above
6 MW) (3). Some researchers found that large-capacity wind turbine farms may lead
to significant weather changes (4,5). To avoid this, the use of micro to small capacity
wind turbines for domestic application is proposed by the researchers (6). Bukala et
al. (7)reported that Weibull or Rayleigh probability distributions give better estimates
of wind energy generation as compared to those obtained using the yearly wind
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speed of the location. The authors also advocated for investment in robust, cheap, and simple turbine design. Lee et
al. (8)performed experimental and computational studies of the baseline blade and the blade designed using Blade Element
Momentum Theory (BEMT). It was found that as compared with the baseline blade, the maximum power coefficients of the
BEMT-blade increased by more than 50%. Here, power coefficient refers to the ratio of electrical power output to the wind
energy input. Betz’s limit formaximumpower coefficient of anywind turbine is 0.593 (9). Rodrigues et al. (10) reported guidelines
for the development of small wind turbines using scrap material. Sing and Ahmed (11) designed a new airfoil and tested the
performance of two-bladed rotors at a wind speed range of 3-6 m/s at a height of 8.22 m. The maximum power coefficient at
free stream velocity of 6 m/s was 0.29. Ali et al. (12)reported that winglet has a significant effect on the performance of domestic
size horizontal axis wind turbines and the upwind winglet increases lift to drag ratio by about 26% as compared to straight
blades. Pourrajabian et al. (13) used a genetic algorithm optimization technique to optimize the chord and twist of wind turbines
with capacities of 0.5 kW, 0.75 kW, and 1 kW. Also, the effect of a number of blades, resistive torque, and starting wind speed
was studied. Ozgener (14) reported the performance of a 1.5 kW capacity small wind turbine system with a rotor diameter of 3
m placed at a height of 12 m above the ground level. At an average wind speed of 7.5 m/s, the turbine produced electricity of
616W. Ameku et al. (15) reported design of a 3 kWwind turbine with three blades of a thin airfoil. At a wind speed of 10m/s and
power coefficient of 0.14, an average generator output of 1105 W was found. Xie et al. (16) tested three innovative blades in the
low-speed wind tunnel and found that when the outer blade section was folded, there was a decrease in both blade conversion
efficiency and power coefficient. Monteiro et al. (17)performed wind tunnel testing of a horizontal axis wind turbine rotor and
compared experimental results with two blade elementmomentumcodes. Both experimental and numerical results were closely
matching. Tummala et al. (6)conducted an extensive review of literature on small-scale wind turbines and found that there is
a scope for conducting a study of the effect of airfoil on the performance of wind turbines. To design a small wind turbine
proper selection of airfoil and optimum design of rotor blades is mandatory (9). Choubey et al. (18) conducted CFD analysis on
an airfoil (NACA0018) at different angles of attack (AOA) viz. 0◦, 10◦, 15◦ and 30◦ with a wind velocity of 4 m/s and found that
blade angle of 10◦ gives optimal power. Ani (19) found that hybrid PV/wind system shows better results in terms of Net Present
Cost (NPC) and impact on the environment as compared to gasoline generator to power a household system. Reddy & Rao (20)

reported the performance ofMaximumPower Point Tracking (MPPT) basedwind-solar hybrid power system.The authors used
MATLAB Simulink software for performing the analysis. Surve (21) conducted an extensive review of literature on horizontal
axis wind turbine for domestic application. The author explained about blade design theories and reported that QBlade (22) is a
very essential tool for design and analysis of wind turbine blades. Dhurpate et al. (23) reported that QBlade is a cost effective tool
for simulation of newly designed airfoil. Pourrajabian et al. (24) reported comparative study on material for wind turbine blade
using four categories of timbers viz. alder, ash, beech and hornbeam. Multi-objective optimization technique was used to find
material of blade suitable for a small wind turbine application, both in solid and hollow blade category. Alder was found to be the
best timber suitable as a blade material at different speeds, in solid as well as hollow blade categories. Birajdar et al. (25) designed
two new airfoils for blades of a small wind turbine with blade length of 1.5m.The airfoil viz. IND 15045 was used at root section
of the blade while the airfoil IND 09848 was used for the remaining section of the blade towards a tip. The authors described
parameters for selection of a new wind turbine blade and also discussed various aerodynamic losses like tip, hub and drag etc.
Khalil et al. (26) performed 2D CFD simulation of airfoil using various models like inviscid, laminar, k-ω and Spalart-Allmaras.
Among these models, k-ω and Spalart-Allmaras models showed accurate results when compared with those obtained using
Blade Element Momentum (BEM) theory. This result highlights importance of consideration of appropriate turbulence model
while performing CFD simulation of wind turbine blades. Tasneem et al. (27) reported the current status of urban wind farm
technology. The authors advocated for more investigation on wind mapping and suitable design of wind turbines for making
urban wind farm technology as a sustainable decentralized energy generation option. Bangga (28) reported performance of wind
turbine of 10 MW capacity using two simulation methods viz. CFD and BEM. It was found that accuracy of BEM approach
depends on selection of polar data.

From the review of literature on wind turbines it is found that computational studies on design of blade profiles is very
important step in actual development of the blades. In the present work, a new airfoil is designed by the authors using QBlade
software (22). Performance of the designed airfoil is analyzed using QBlade software as well as by ANSYS CFD simulation
software. The results obtained by both methods are compared.

2 QBlade Simulation of New Airfoil
Forwind speed data of the Pune region, a new airfoil (INDTH1293) is designed by the authors usingQBlade software (Figure 1).
This software is used to design airfoils as per the requirements of the user. Wind turbine blades are designed in QBlade as per
the designed airfoil cross-sections and aerodynamic performance of the blades is simulated.The working model of QBlade also
provides information on variation in lift to drag ratios with angles of attack and also provides theoretical power generation
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capacity of the designed blades.The new airfoil has maximum thickness of 12.93% of chord length at 28.30% of the chord. And
maximum thickness of camber is 4.76% of chord length at 46.30% of the chord. The designed airfoil is analyzed for different
parameters like lift coefficient, drag coefficient, thrust, and power coefficient. The simulation is carried out for wind speed
of 12 m/s at Reynolds number Re = 500000. The angles of attack (AOA) range from 0◦ to 20◦, for different tip speed ratios
(TSR). Here, tip speed ratio refers to the ratio of linear velocity of tip of the blade to average wind velocity. Mass density and
kinematic viscosity of air are 1.225 kg/m3 and 1.647× 10-5 m2/s respectively at an ambient temperature of 300 K and pressure
of 1 atmosphere.

Fig 1. A new designed airfoil INDTH1293

2.1 QBlade Simulation Results

Power coefficient versus tip speed ratio plot gives an idea about extraction of power at different tip speed ratios (Figure 2). TSR
varies from 0 to 10. This ratio depends on various parameters such as number of blades, aerofoil design and type of turbine. It
is cleared that at λ = 0 there is no power extraction from the wind as the rotor does not rotate. There is an optimum TSR (λ =
7) at which a maximum power coefficient of 0.53 is observed which is less than Betz’s limit (0.593).

Fig 2. Power coefficient (Cp) versus tip speed ratio (λ )

Figure 3 presents a plot of thrust coefficient (CT ) versus TSR. Thrust coefficient is the ratio of actual thrust available at the
rotor to the maximum thrust produced by the wind. With the increase in TSR, the thrust coefficient also increases. This is due
to an increase in thrust force on account of increased blade length. At a given wind velocity (u∞ ), TSR increases with increase
in tip speed, which is directly proportional to blade length. At TSR = 7, the value of the thrust coefficient is 0.78.

Fig 3.Thrust coefficient(CT ) versus tip speed ratio (l)
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3 Two Dimensional (2D) CFD Simulation of an Airfoil
In the present work, computational analysis is carried out using ANSYS Fluent CFD software (29), wherein the equations for
conservation of mass, momentum, and energy of flow of fluid are mathematically described by the partial differential equations
(PDEs). To solve this fluid flow problem computationally, the PDEs are converted into algebraic equations using suitable
numerical techniques. Here, the physical domain is divided into a large number of control volumes, called elements or cells.
The three fundamental governing equations are solved with respect to fluid domain, boundary conditions, and type of flow.

3.1 Governing equations used for CFD analysis

Following governing equations are used in the CFD analysis of airfoil for blade of a wind turbine (25).
Equation for conservation of mass i.e. continuity equation:

∂ρ
∂ t

+∇.

(
ρ
−
U
)
= 0 (1)

Equation (1) is the mass conservation or continuity equation applicable for an unsteady, three-dimensional and compressible
fluid. The first term on the left-hand side is the rate of change in time of the density (mass per unit volume). The second term
describes the net flow of mass out of the element across its boundaries and is called the convective term.

For steady incompressible fluid flow, the first term in equation (1) is neglected. Then, equation (1) reduces to:

∇.

(
ρ
−
U
)
= 0 (2)

In Cartesian notation, equation (2) can be written as:

∂u
∂x

+
∂v
∂y

+
∂w
∂ z

= 0 (3)

Equation for conservation of momentum:

∂ (ρ
−
U)

∂ t
+ρ

(
−
U .∇

)
−
U =−∇p+∇.

=
σ +ρ

−
f b

(4)

In equation (4),
=
σ is the stress tensor for Newtonian viscous fluid,

−
f b represents body forces, i.e. gravity. At steady state, the first

term in equation (4) will be zero. Hence, equation (4) reduces to:

ρ
(

−
U .∇

)
−
U =−∇p+∇.

=
σ +ρ

−
f b (5)

3.1.1 Turbulence modelling
In the present analysis, turbulent fluid flows are considered.Modelling of turbulent flows is performed using Reynolds Averaged
Navier Stokes equations (RANS). The RANS equations are time-averaged equations of motion for fluid flow. RANS are
turbulence models that are used to predict the effects of turbulence in fluid flow without resolving all scales of the smallest
turbulent fluctuations (30).

Researchers have used different types ofmodels for the analysis of the turbulent flow viz. k-e, k-ω , SST and Spalart-Allmaras.
k-ω model works near the wall region where as k-e model predicts performance far from the boundary region.The k-e, k-ω are
two equation models. SST is the combination of k-e and k-ω models. A one-equation model called Spalart-Allmaras solves a
transport equation for eddy viscosity or turbulent viscosity.Thismodelwas designedmainly for aerospace applications involving
wall-bounded flows. This model has shown good results for boundary layers subjected to large pressure gradients (31). Hence,
it is selected for the present computational analysis.

Spalart-Allmaras model is written in terms of eddy viscosity.This model includes eight closure coefficients and three closure
functions. Its defining equations are as follows (29):

Eddy viscosity equation:

∂ (ρν̃)
∂ t

+
∂ (ρ ṽUi)

∂xi
= Gv +

1
σṽ

[
∂

∂x j

{
(µ +ρ ṽ)

∂ ṽ
∂x j

}
+Cb2ρ

(
∂ ṽ
∂x j

)2
]
−Yv +Sṽ (6)
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Where v is the molecular kinematic viscosity, ṽis turbulent kinematic viscosity, Gvis the production of turbulent viscosity, Yvis
the destruction of turbulent viscosity that occurs in the near-wall region due to wall blocking and viscous damping σṽ andCb2
are the constants and Sṽ is a user-defined source term. For steady flow, the first term in equation (6) is neglected.

3.2 Steps involved in CFD simulation
• Create 2D Model
• Create mesh
• Apply boundary conditions.
• Perform simulation

Figure 4 shows the computational domain of the 2Dmodel of the airfoil created in ANSYS workbench for simulation purposes.
It consist 60 vertices for creating a computational domain, the length is taken 30 times to that of chord length whereas the width
is 20 times the width of an airfoil.

Fig 4. Computational domain of the airfoil

Mesh is conversion of smaller discrete cells of larger domain. Quadratic elements are used for the meshing of the airfoil. The
generation of mesh was done in ANSYS workbench. Meshing of a fluid domain of the airfoil is shown in Figure 5.This meshing
consists of 40,000 elements, out of which 200 elements are present on the airfoil. Meshing at the far-field is coarse because of
the negligible pressure gradient. Figure 6 shows mesh around the airfoil. To capture accurate pressure and velocity distribution
around the airfoil, a very fine mesh is provided in the region very close to the airfoil. Computational conditions for 2D CFD
simulation of the airfoil are presented in Table 1.

Fig 5.Meshing at fluid domain of airfoil
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Fig 6.Mesh around the airfoil

Table 1. Computational Conditions for CFD Simulation of the airfoil
Airfoil INDTH1293
Fluid Material Air
Simulation Type Steady Simulation
Air Density 1.225 kg/m3

Pressure 101325 Pa
Kinematic Viscosity 1.467× 10-5 m2 /s
Temperature 300 K
Wind speed 12 m/s
Fluid Material Air
Simulation Type Steady Simulation
Max Wind Speed 12 m/s
Turbulent Model Spalart-Allmaras (one equation) Model
CFD Algorithm SIMPLEC (Semi-Implicit Method for Pressure Linked Equations-Consistent)
Pressure Velocity Coupling Pressure (Second Order), Momentum (Second Order Upwind) Modified Turbulent Viscosity

(Second Order Upwind)
Boundary Conditions Velocity Inlet, Pressure Outlet, Stationary wall with no sleep shear condition

3.3 2D CFD Simulation Results

Simulations are carried out using a pressure-based solver with a structured grid. Figure 7 shows a velocity vector plot along
x-direction for different AOA viz. 0◦, 3◦, 9◦, and 15◦. At AOA = 0◦, separation of boundary layer starts occurring at the leading
edge. As the AOA increases, this separation also increases. For the AOA 0◦ to 9◦ airflow separation occurs on the upper surface
near the trailing edge. It is clear from the figure that vortex generation or backflow of stream velocity at the trailing edge is
observed as AOA approaches 15◦. Vortex generation causes an increase in drag and may reduce the performance of the blade.
Hence, it is necessary to keep AOA less for maximizing the lift force and minimizing the drag force. There are two main force
components on airfoil first one is lift force (Perpendicular air stream) & second one is drag force (Parallel and opposite to air
stream flow) apart from one lifting moment acting on it. Air flow separation on airfoil glide at trailing edge occurs slowly and
increase with AOA. It is cleared from velocity counter for AOA=15 ◦, strain drag is very negligible as air flow separation at the
trailing edge starts occurring. Strain drag goes on increasing as AOA increase, for AOA = 15 ◦ it is clear from velocity counter
that the strain drag is very high at trailing edge. When velocity gradient is equal to zero, boundary layer separation will start.
This flow separation is due to excessive momentum loss near the wall. Formation of small wake region can be observed at the
trailing edge. With increase in AOA, boundary layer separation increases near the trailing edge.
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Fig 7. Variation in velocity vector along x-direction for different angles of attack(AOA)

Figure 8 shows the distribution of pressure coefficient at different angles of attack viz. 0◦, 3◦, 9◦, and 15◦. (Pressure coefficient
is the ratio of change in pressure force to the inertia force).Themaximum pressure coefficient is observed at the leading edge of
the airfoil wall on the upper surface. As AOA increases, maximum pressure on the leading edge shifts from the upper surface
to the lower surface. It means low pressure on the upper side and high pressure on the lower side of the airfoil wall produces
maximum lift. It is noticed that variation in pressure coefficient is maximum at the upper surface of the leading edge for the
AOA less than 3◦. The direction of pressure distribution on both upper and lower sides is such that it will cause generation of
lift. For generation of maximum lift it is convenient to have maximum pressure at the lower side. For AOA ranging between
3◦-5◦, pressure at lower surface of airfoil is more which results into higher lift.

Fig 8.Distribution of pressure coefficient at different angles of attack (AOA)
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It is observed that with increase in AOA, from 0◦ to 3.5◦, there is an increase in the lift to drag ratio (CL/CD) from 30 to about
40.5 (Figure 9). This is because of increased frontal area from leading edge. As AOA increases beyond 3.5◦ there is increase in
drag force hence lift to drag ratio (CL/CD) decrease. From this, we can sayAOAhas large impact on drag generated.With further
increase in AOA, there is a decrease in the lift to drag ratio. Horizontal Axis Wind Turbine (HAWT) is based on principle of
maximizes lift. Low Reynolds number aerofoil permits start-up at very low wind speed with less AOA conditions (11).

Fig 9. 2D CFD Simulation Result CL/CD ratios Vs. AOA

4 3D CFD Simulation of an Airfoil
To increase accuracy in results and to simulate more realistic conditions, a 3D CFD analysis is conducted. 3D CFD
simulation consists of airfoil domain generation, fluid domain meshing, meshing around the airfoil, deciding computational
conditions, and selecting of turbulence models. For 3D CFD simulation pressure-based solver is used at steady state condition.
Computational conditions for 3D CFD simulation are presented in Table 2.

Table 2. Computational Conditions for 3D CFD Simulation of the airfoil
Solver type Pressure based
Time Steady
Run calculation Post processing
Area 1 m2

Density 0.11729 Kg/m3

Temperature 300 K
Length 1 m
Enthalpy 23546.47
Pressure 10100 Pascal
Viscosity 1.7894× 10-5 m2 /s
Ratio of specific Heat 1.4
Velocity formulation Absolute

Figure 10 shows that far-field generation of blade model for 3D CFD simulation, pressure-based solver, and steady time
period, absolute velocity formulation conditions were used. Lift coefficient and drag coefficient values for AOA 0◦ to 15◦ are
getting from 3D CFD simulation results. 3D CFD simulation is particularly carried out for lift coefficient and drag coefficient
from which we get CL/CD ratio.
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Fig 10. 3D CFD far field generation

3D CFD simulation can predict the flow conditions which are very important for wind turbines. The flow analysis, lift
coefficient and drag coefficient are found out at different AOA varying between 0◦ to 15◦. 3D CFD simulation gives optimum
CL/CD ratio value of 89.71 for AOA of 3.5◦ (Figure 11). At that point, lift coefficient is 0.9434 and the drag coefficient is 0.0105.

Fig 11. 3D CFD Simulation Result CL/CD ratios Vs. AOA

Figure 12 reports a comparison of CL/CD ratio at different AOA for three cases viz. QBlade simulation, 3D CFD simulation,
and experimental results conducted by Dhurpate (23) on the same geometry. The experimental results show that CL/CD ratio
increases up to maximum value for AOA 5◦ and then decreases gradually. The maximum value of the CL/CD ratio is 108.44
for AOA 5◦ and the lift coefficient and drag coefficient were obtained as 1.122 and 0.0103 respectively. As AOA increases, the
grid would not be aligned with the flow anymore which results in a maximum drag coefficient. Drag coefficient values for 0◦ to
15◦ AOA are much smaller and for lower AOA it might be difficult for CFD to predict accurate values of the drag coefficient.
For AOA of 0◦ to 4◦, results obtained from CFD simulations are nearly equal to that of QBlade simulation as well as with the
experimental results. QBlade is specially designed software tool for wind turbine airfoil & blade design. It is the most accurate
tool available for simulation of performance of wind turbine blades as compared to any other tool. QBlade simulation is time
marching or transient. For AOA above 4◦, QBlade results are slightly higher than experimental results. This might be due to
various errors occurring in measurement of lift and drag forces during experimentation.
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Fig 12. Variation in CL/CD Ratio with AOA during 3D CFD simulation, Q-Blade simulation and during experimentation

The values of the CL/CD ratio are more than double in the case of 3D simulation as compared with 2D simulation (Figure 9).
The reasons behind these results are attributed to the more realistic conditions in 3D simulation as compared with 2D
simulation. Also, in 2D simulation, the body is assumed to be axisymmetric but in the case of an airfoil, this assumption doesn’t
hold good. In the case of 3D simulation, better quality nodes are obtained. As well as mesh quality is more accurate in the case
of 3D simulation as compared with corresponding 2D simulation. Hence, though the solver time increases with 3D simulation,
results obtained are more accurate as compared with 2D simulation. With increase in angle of attack, 3D CFD results are found
to be lagging much behind the experimental as well as QBlade results. The main reason behind this is transient nature of the
flow of wind over the blade.This transient nature is rightly captured by the QBlade simulation as well as by the experimentation.
The steady state model of 3D CFD fails to simulate performance of the blade accurately at high angle of attack. This new airfoil
is designed for low Reynolds number and permits operation at lower wind speeds. It performs the best at lower angle of attack.
As AOA increases there will be increase in both lift and induced drag. Air flow across the upper surface of airfoil becomes
detached, resulting loss of lift which causes decrease in lift to drag ratio with increase angle of attack. Koç et al. (32) reported
comparison between CFD and QBlade results for small capacity wind turbine at transient condition. QBlade results for power
coefficient were slightly higher than that of CFD results for different tip-speed ratios. From the above simulation results it is
clear that for a micro-capacity wind turbine, a better range of AOA remains below 8◦. From both simulation results, an AOA
of 3◦ to 4◦ is found to be desirable.

5 Conclusions
QBlade software serves as a good tool for airfoil design and predicts results with high accuracy.Themaximumpower coefficient
for the designed airfoil is 0.53 at tip-speed ratio 7 and the maximum lift/drag coefficient is 108 at AOA of 5◦.

ANSYS CFD Fluent is used for a flow analysis of the designed airfoil. Airfoil is simulated using Spalart-Allmaras (SA) model
at different AOA. It is noticed that at AOA less than 3◦, pressure coefficient is maximum at the upper surface of the leading-edge
resulting in a high value of lift to drag ratio.

3D CFD simulation gives results closer to the experimental results at lower AOA as compared to those with 2D CFD
simulations.Thismight be due to lesser assumptionswith 3D simulations andmore realistic simulations of the actual conditions.
While designing a blade for horizontal axis micro-capacity wind turbine, AOA should be about 3◦-4◦ for maximum power
output.

This work reports suitability and limitations of different simulation tools viz. QBlade, 2D CFD and 3D CFD for simulation
of performance of small wind turbine blades. Limitations of steady 2D CFD are removed by steady 3D CFD simulation, but
it fails to simulate the transient nature of the air flow over the wind turbine blade at higher angle of attacks. This wind-blade
interaction is accurately simulated by QBlade. Thus this exercise highlights the application of QBlade software in simulation of
performance of small wind turbine blades. It also highlights selection of appropriate initial conditions and turbulence model
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while using CFD tool for simulation of performance of wind turbine blades.

Limitations

There is discrepancy in 3D CFD results for the wind turbine blade and the experimental results for an airfoil, conducted in the
wind tunnel.

Future Scope

To strengthen the above results, wind tunnel testing of thewind turbine blades, designedusing the new airfoil shall be conducted.
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