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Abstract
In this paper, mathematical design of a 20 kW horizontal axis wind turbine is conducted along with computational analysis to verify the perfor-
mance of the designed blade. Blade Element Momentum (BEM) theory is used for the design of blades, empirical BEM relations for geometry
calculations for twist distribution and chord distribution are included. The computational analysis on the performance of the geometric design
is done using both BEM and Computational Fluid Dynamics (CFD) through Qblade BEM code and ANSYS CFX tool respectively. The rotational pe-
riodicity based domain is used for CFD computation and k− ε turbulence model is considered. The analysis is done in variable speed conditions
(constant tip speed ratio of 6) for wind speed range 2-12 m/s, and change of pitch angles from 1 to 4°. The optimum pitch is obtained as 3° from
CFD analysis. The results of torque, Cp/Power, velocity streamlines, and pressure contours are obtained from CFD. Torque curve obtained from
BEM and CFD analysis over wind speeds 2-12 m/s showed good agreement, supporting the HAWT geometric design. A maximum Cp of 0.399 was
obtained at 12 m/s.

Keywords: Horizontal Axis Wind Turbine (HAWT); Blade design; Blade Element Momentum Theory (BEM); Computational Fluid Dynamics (CFD);
Performance analysis

1. Introduction
Small horizontal axis wind turbines up to 50 kW power gener-

ation capacities can be implemented in rural communities where
the national electricity grid is inaccessible. A 3-bladed small scale
HAWT of fixed pitch and variable speed is one of themost common
wind turbines to be extensively used because of its simplicity, ease
of manufacture, reliability, and relatively low cost. However, the
design of small wind turbines needs to be verified computationally,
so as to estimate the performance in different conditions.

The BEM approach is the most popular approach for wind tur-
bine design and performance estimation in engineering. BEM the-
ory is a validated and supported approach for the design of the
wind turbine blades. It was developed as an extension of the
Gaulert propeller theory. It discretizes the blade into several annu-
lar elements and assumes no radial interaction to predict param-
eters in each segment, then predicting the loads and power out-
puts from calculated or extrapolated 2D aerodynamic coefficients.
The BEM approach can be implemented to design the rotor, the
rotor design parameters such as rotor diameter, airfoils, chordal
distribution, twist distribution, and evaluate the performance of
the wind turbine at different wind conditions through the forces
on the wind turbine blade, torque and power obtained. Although
BEM has limitations, such that the fixed aerodynamic coefficients
for airfoils are used, which does not match for all sections of blade,
and detailed flow characteristics affecting performance cannot be
considered, BEM is a good approximation to find the performance
characteristics [1,2,3]. It can be observed from literature that the
open-source BEM framework, Qblade has been used for the BEM
design and BEM performance analysis of the wind turbine blade
[4].

To support the BEM-based blade design, CFD is a complementary
approach to support the BEM design. It is based on the discretiza-
tion of control volumes and the finite volumemethod. It is an ideal
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approach for investigating the complex flows in a wind turbine
blade, including the radial flows, not considered by BEM theory.
The CFD approach also provides a detailed analysis of the blade
surface including the blade surface pressure distributions, blade
velocity streamlines, and near velocity fields. However, CFD is a
computationally intense approach and is seldom used as an opti-
mization tool, but it can still be used to verify the BEM design. CFD
using commercial CFD software have utilized different turbulence
models such as k − ω SST, standard k − ω models, and results ex-
perimentally validated [5,6,7,8]. This paper focuses on the design
and numerical performance investigation of a 20 kW, 3 bladed, up-
wind fixed pitch variable speed small scale wind turbine, delving
into the detailed geometric design utilizing the Blade Element Mo-
mentum(BEM) theory, and numerical investigations into the per-
formance characteristics of the designed blade using both Compu-
tational Fluid Dynamics(CFD) and BEM theory. In the paper, a pe-
riodicity based domain setup and k− ε turbulence model was con-
sidered for the CFD analysis over different pitch angles and wind
velocities from 2-12 m/s.

2. Method

2.1. BEM design of wind turbine

The BEM approach is used for the geometric design and perfor-
mance analysis of the wind turbine. The BEM theory is a combina-
tion of the Blade element theory and themomentum theory, which
can be applied to obtain the forces and torque acting on the wind
turbine blade, and the corresponding power [9].

Fig. 1 shows the forces acting on the wind turbine blade section,
normal force (dN), tangential torque (dT), lift force (dL), drag force
(dD), the angle of relativewind (ϕ), consisting of twist angle (θ) and
angle of attack (α), and axial (a) and tangential (a’) induction factor.
Ω is the radial velocity of the blade section and r is the sectional
length of the wind turbine blade. Vrel is the relative velocity and
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Figure 1: Forces acting on annular section of wind turbine blade.

u∞ is the free stream velocity.
The normal force dN and torque dT is given by equation 1 and 2

. The forces can be integrated over the entire section of wind tur-
bine blade to obtain total force and torque, and the corresponding
power.

dN =
ρ
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CL and CD are the coefficient of lift and drag respectively, de-
pending on the Reynolds number, the angle of attack and the se-
lection of airfoil for the section. The aerodynamic coefficients of
the different thicknesses of s822 and s823 airfoils for high angle of
attacks were obtained by extrapolation in XFOIL available in the
Qblade tool [4].

To evaluate the torque and the normal force, the tangential and
axial induction factors are solved iteratively. The equations of ax-
ial and tangential induction factors are given in equation 3 and 4,
and are obtained by the conservation of momentum in the axial
direction from the upstream and downstream section [9].
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Where, F is the loss factor, is given by equation 5 [10].
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And, σ is the solidity of the wind turbine, given by equation 6.

σ =
BC
2πr

(6)

The Coefficient of power (CP ) of thewind turbine, from the BEM
theory is then given by the equation 7.

Cp =
P

1
2
ρu∞3A

(7)

For the geometric parameters, there are several parameters that
need to be considered before the BEM geometric design, which are
tabulated in Table 1.

Table 1: Design parameters of wind turbine.

Parameter Value

Wind Turbine Rated Power (P ) 20 kW
Control Fixed Pitch- Variable

speed (TSR at 6)
Wind Turbine rated/ design
speed

12m/s

Air Density (ρ) 1.1839 kg/m3

Assumed initial power
coefficient (CP )

0.3

Number of Blades (B) 3
TSR at design condition (λ) 6
Radius of Blade (R) 4.5 m
Rated Speed 150 RPM
Airfoils S823 at root and transition,

s822 at tip

For the BEM based geometric design, the length of the blade was
discretised into 30 sections. The s823 and s822 airfoil family for
small scale wind turbine up to 20 k W capacity was considered for
the blade [11]. The twist angle of each section of the blade depends
on the inflow angle of the section, which is expressed as a function
of the tip speed ratio (λ) and is given by equation 8.

ϕ =

(
2

3

)
tan−1 1

λ( r
R
)

(8)

The twist angle for each section depends on the inflow angle and
the optimum angle of attack (α). The optimum angle of attack for
the s823 and s822 airfoils are taken as 6.25° and 4.75° respectively.
For high inflow angles of 70-80°, the aerodynamic coefficients are
extrapolated from XFOIL to a full 360°, under the assumption that
all airfoils behave like a thin flat plate in high angle of attack . The
twist angle for each section is given by equation 9.

θ = ϕ− α (9)

From the BEM approach, different sections of the blade have dif-
ferent chordal distributions similar to the different inflow angles.
The individual chords are inversely proportional to the local tip
speed ratio, implying as the sectional radius of the blade decreases,
the chord length increases accordingly, making the blade tapered.
While the Betz chordal formula can be used to obtain chordal dis-
tribution, the optimized Betz and Schmitz optimized chord distri-
bution formulas based on local tip speed ratio andCL can be used
to obtain chord lengths. It should be noted that the CL is taken
from the expected tip speed ratio and the inflow angle for individ-
ual elements. Betz and Schmitz chord optimization formulas can
be used to calculate the chordal distribution of the blade and are
expressed by the equations 10 and 11 respectively [12]. The op-
timized Schmitz chordal distribution was considered for the BEM
based design.

Betz chord optimization equation:
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16
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Schmitz chord length optimization formula:
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3
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(11)

Fig. 2 shows the chordal distribution of the wind turbine blade,
calculated from both Betz and Schmitz optimization formulas, and
the twist distribution for each section, for the wind turbine blade.
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Figure 2: Chord and twist distribution of wind turbine blade.

Figure 3: Thickness distribution of wind turbine blade.

In the paper, the thickness distribution of thewind turbine blade
is considered. Although it is preferable to use the standard airfoils
throughout the entire length of the wind turbine blade, in practice,
different thickness of the airfoils are used in the wind turbine. In
the blade design, two airfoils s823 for the root region and s822 air-
foil for the tip region have been selected. In the transition between
the airfoil, different thicknesses of the standard airfoils have been
selected to ensure smooth transition between regions and ensure
stiffness of the blade. In the bottom root region connecting to the
hub, a circular airfoil has been selected. The twist, chord, thickness
and airfoil distribution of the airfoil, designed in CAD software is il-
lustrated in Fig. 3.

Fig. 4 shows the distribution of the blade profile and CAD model
summarizing all the geometric parameters of wind turbine blade
design, including twist, chord, thickness and airfoil distribution.

2.2. Numerical simulations using CFD
CFD includes the combined solutions of fundamental fluid flow

equation and Reynolds-averaged Navier-Stokes equation, consist-
ing of set of partial differential equations in the integral form of
mass, momentum and energy conservation, using certain turbu-

Figure 4: CAD model of the wind turbine blade.

Figure 5: Rotational periodicity fluid domain and setup for CFD.

lence models to compute the average turbulence stress. These
equations are then numerically solved over the specified domain,
which consists of a rotational periodicity domain around a single
blade. The continuity equation is given by equation 12.

∂ρ

∂t
+∇. (ρU) = 0 (12)

The RANS momentum equation is written as equation 13:

∂ρ

∂t
+∇.

(
ρU

⊗
U
)
= −∇p+∇.

{
τ − ρu

⊗
u
}
+SM (13)

Where, ρ is the density, τ is the stress factor, p is the static pres-
sure and SM is the sum of body forces.

The standard k − ε turbulence model is used to solve the addi-
tional terms in the momentum equation by solving for two trans-
port variables, turbulent kinetic energy (K) and the rate of dissi-
pation of turbulent energy (ε). The k − ε turbulence model is a
robust and simple model to represent the turbulence variation, ex-
hibiting excellent performance for many industrial flows. While
the k − ε turbulence model performs poorly for some unconfined
flows, rotating flows, and non-circular ducts, it is validated to per-
form well for external flow problems around complex geometries
such as wind turbine blades [13,14].

While the continuity equation remains the same for the k − ε
turbulence model, the change in the momentum equation is given
in equation 14.

∂ρU

∂t
+∇.

(
ρU

⊗
U
)
= −∇p

′
+∇.

{
ueff(∇U + (∇U)T )

}
+SM

(14)
Where, ueff is the effective viscosity that operates with the veloc-

ity gradients given by equation 15.

µeff = µ+ µt (15)
Where, µt is the turbulence viscosity. The k − ε turbulence

model assumes the following relation between the turbulence vis-
cosity, k, and ε.

µt = Cµρ
k2

ε
(16)

Where,Cµ is a constant.
In the computational domain, the hub, tower, nacelle and ex-

treme tip of the wind turbine are neglected, which is an adequate
approximation for performance simulation. The computational
domain is a 120° rotational periodicity domain enclosing one blade.
The fluid domain and its setup in ANSYS CFX, used for simulations
is shown in Fig. 5.

Mesh generation is done to create a suitable numerical domain
over the geometric feature in which the solver solves the required



4 S. Pradhan & S. Chitrakar

Figure 6: Mesh generation over domain.

Figure 7: Mesh independence test.

equations. ANSYS Workbench was used for meshing. Meshing al-
lows for the generation of structured and unstructured meshes.
The physical preference for mesh generation was CFD and solver
preference was CFX. Tetrahedral meshes have been used on the do-
main. The tetrahedral meshes are easy to resolve and the compu-
tational time necessary to solve such meshes are less compared to
hexahedral and other meshes while providing satisfactory quality
of the meshes. Inflation layer with layer quantity of 15 and growth
rate 1.2 was taken in the domain surrounding the blade.

The solution obtained depends on the number of elements and
the quality of mesh in the domain. A large number of elements
with finer meshes predict the solution accurately at the expense of
higher computational time. The number of elements in mesh was
increased from 0.5 million to 1.8 million by increasing at a rate of
1.3. Fig. 7 shows the mesh independence test of the wind turbine
blade at the inlet condition of 7m/s. The torque reaches an asymp-
tote beyond 1.2 million elements, which is the minimum elements
necessary for an independent solution. All simulations were then
carried out with more than 1.3 million elements in the domain.

The 3D Navier-Stokes CFD solver ANSYS CFX was used to com-
pute the results over the domain. Steady-state fluid inlet of air
from 2-12m/s was taken in the inlet of the domain, and static
pressure outlet of 1 atm was taken, with rotational velocity cor-
responding to 6 for particular inlet velocity. The CFX solver pref-
erences, the solver parameters, the physical time-step was taken
as 0.1s, convergence criteria of Root Mean Square (RMS) residual
were taken as 1×10-4, and a maximum of 100 iterations were taken
to achieve the accurate results.

3. Results and discussion

3.1. CFD results
The results of the velocity streamlines, pressure distributions,

and force calculations were obtained from ANSYS CFX post-

Figure 8: Relative velocity streamlines of blade at 12 m/s.

Figure 9: Pressure distribution on suction and pressure side of blade at 12
m/s.

processing. From the relative velocity streamlines of the blade at
12 m/s shown in Fig. 8, which corresponds to the tangential veloc-
ity of the turbine blade, it was noted that the CFD simulations also
support the theoretical calculations such that the velocity devel-
oped corresponds to the tip speed ratio intended for the rotational
velocity, among other computational indicators such as mass bal-
ance and residual criteria. From the pressure distribution. From
Fig. 9, it can be seen that the pressure difference between the suc-
tion and pressure side of the rotor is high at the tip compared to
the mid and root region of the rotor. The pressure difference at
12m/s wind speed, qualitatively seen is responsible for the torque
and the moments developed on the blade. The CFD simulation was
carried out and similar results were obtained for all computations
done on pitch angles varied from 1-4° for 8-12m/s inlet velocity,
and changing inlet velocity from 2-12 m/s for optimal pitch angle.

The CFD analysis of the wind turbine blade was done on same do-
main for various pitch angles to determine the optimum pitch an-
gle formaximumpower output. Power output in terms of torque of
a single blade was done for 1°-4° pitch angles for high wind speeds
8-12 m/s. From the CFD analysis, it was observed that the pitch an-
gle that produced the most torque output for the same boundary
conditions was of 3° pitch. Since the wind turbine design consid-
ered is of FPVS type, the 3° pitch was selected and the subsequent
CFD and BEM simulations were carried out. The Fig. 10 shows the
variation of torque with different pitch angles at the same bound-
ary condition CFD simulations.

3.2. Torque comparison from BEM and CFD

TheCFD andBEManalysis of thewind turbine design over awind
speed range of 2-12 m/s at design tip speed ratio of 6 and pitch of
3◦ to yield the torque on the wind turbine blade as a characteris-
tic variable. The torque results were obtained in post-processing
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Figure 10: Pitch vs. torque.

Figure 11: Torque vs. wind speed from BEM and CFD.

calculations of ANSYSCFX results and through theQblade BEMsim-
ulations of the wind turbine. The results showed good agreement
between torques from both BEM and CFD simulations, which is il-
lustrated in Fig. 11. The difference in results could be attributed
to the BEM approach of taking 2D aerodynamic coefficients and
neglecting radial interaction among elements, which is distinct at
higher wind speeds.

3.3. Power output with wind speed from CFD
The torque results obtained from CFD, along with the rotational

speed of the blade at TSR of 6 at different wind speed, was used to
calculate the power output of the wind turbine blade and is shown
in Fig. 12. The coefficient of performance of thewind turbine blade
at different wind speeds was also calculated. The maximum Cp of
thewind turbinewas found to be near 0.39 at wind speeds 9-12m/s,
which is stable compared to the increasing Cp of the wind turbine
in the start-up phase at low wind speeds.

From the results, it can be inferred that 20 kWpower is produced
at wind speed of 11-12 m/s, with the wind turbine having a maxi-
mum coefficient of performance as 0.399 at 12 m/s. Thus, the pre-
sented data from both BEM and CFD is supportive of the wind tur-
bine design based on the BEM theory as having a rated power of 20
kW.

Figure 12: Power and Cp vs. wind speed from CFD.

4. Conclusion
The focus of the paper was towards the BEM design of the wind

turbine and computational analysis of the designed wind turbine
blade through BEM and CFD simulations. Initially, all input param-
eters of turbine design were calculated, and a geometric design of
20 kW FPVS HAWTwas performed through the application of BEM
theory. TheNREL s822 and s823 airfoilswere selected and the blade
geometric parameters such as twist, chord and thickness distribu-
tion were calculated from the BEM approach. The design of the
blades was subject to both BEM and CFD simulations in Qblade and
ANSYS CFX respectively.

All CFD simulations were done with beyond 1.3 million elements
in mesh after performing a mesh independent study. Parameters
such as velocity, pressure contour, optimum pitch, torque, power,
and Cp were obtained through CFD simulations over a wind speed
range of 2-12 m/s for a constant TSR of 6. An optimum pitch angle
of the blade as 3° was established through CFD simulations. The
torque results, corresponding to power output were compared for
bothBEMandCFD simulations and showedgood agreement in both
results-providing support to the designed wind turbine blade. The
maximum Cp of 0.399 was obtained over a wind speed range from
8-12 m/s.
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