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This paper presents a theoretical and computational study to determine the optimal positions of airfoils
along the length of the horizontal axis wind turbine blade. We used four and five-digit NACA airfoils
to model a 54-meter blade. The lift, drag coefficient, and lift-to-drag ratio of each airfoil are determined
by using QBlade software. The aerodynamic performance of the airfoils is studied based on the blade
element momentum theory, and Matlab software is used for numerical implementation. The velocity
and pressure distributions on each airfoil are assessed using computational fluid dynamics. We
implement the thickness distribution techniques to adjust the positions of the airfoils along the length of
the blade. It is noted that stresses reach their maximum values at the root and minimum at the tip section.
Thus, the thicker (NACA 4420) and thinner (NACA 23012) airfoils are set at 20% of the maximum
chord and 91.11% at the tip sections of the blades. The remaining sections of the blade are configured
using linear interpolation methods. Specifically, the maximum chord length of the new design is reduced
by 18.06% compared to the NACA 23012 rotor blade. Finally, the recommended tip speed ratio for the
designed rotor blade is estimated using the graphs of the normal and tangential forces, thereby producing
a safe and efficient design.
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Nomenclature

HAWT  Horizontal Axis Wind Turbine V1 Wind velocity
a Angle of Attack (AOA) ¢ Airfoil chord
¢  Angle of relative wind 6  Section twist angle
NACA  National Advisory Committee for Aeronautics U, Relative wind speed
BEM  Blade Element Momentum Theory r  Rotor radius
CFD  Computational Fluid Dynamics A Tip speed ratio
NREL  National Renewable Energy Laboratory A Local speed ratio
DU  Delft University o Angular velocity
R Blade length, Rotor Radius p  Air Density
N Number of Blade Element v Kinematic Viscosity
B  Blade Number w  Air Viscosity
Re  Reynolds Number Co Drag coefficient
L Lift Force C. Life coefficient
D Drag Force FN  Normal force
F  Tip loss factor FT Tangential force
f  Tip loss factor coefficient dr  Section radius distance
Cx  Axial force coefficient Cp Power coefficient
Cy Tangential force coefficient o' Solidity factor
P Power output
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1. INTRODUCTION

Renewable energy generation systems have been important resources in current energy production for
some decades world-widely. Clean, efficient, low-cost, and long term energy sources are the primary
solutions to the world's ever increasing energy demand and over dependency on fossil fuels [1]. Wind
energy is one of the renewable energy sources with a relatively low cost as compared to other sources
of green energy and with minor environmental effects. Nevertheless, the latest geopolitical events have
put a spotlight on the urgent need to reinforce the security of supply, reduce fossil fuel energy
dependency, and shield against market disruption caused by high prices [2,3]. Again, this can be
achieved with a massive deployment of renewables. European countries, in particular, have set a goal
of increasing their gross energy consumption from renewable energy sources to 32% by 2030.
According to European wind energy statistics, 17.4 GW of new wind power capacity was installed in
2021. The wind energy capacity of the countries reached 236 GW [4]. The amount of power that can be
harvested from wind depends on the size of the turbine and the length of its blades. The output is
proportional to the dimensions of the rotor and the cube of the wind speed.

Wind turbine blades perform the most important function in the wind energy conversion system that
harvests the wind and converts the kinetic energy of the airflow into rotational mechanical energy, which
is then transformed into electrical energy by a generator. Choosing an effective blade geometry is a key
element for extracting the maximum kinetic energy from the wind [5,6]. The shape of the blade and
velocity of the wind has an effect to obtain the maximum possible power output. In particular, the
geometry of the blade profiles has a direct effect on improving the aerodynamic efficiency [7]. Selecting
an optimal shape is the most important and complex process. However, experimental and numerical
studies have continued to optimize the profile of airfoils to optimize their efficiency [8,9,10]. Improving
the shape of the rotor involves both aerodynamic and structural issues [11]. Aerodynamic optimization
of the rotor is achieved through the proper choice of airfoil shape, tip speed ratio, number of blades,
distribution of chord length, and angle of the relative wind. In particular, the aerodynamic efficiency at
the tip section of the rotor should be as high as possible to maximize the power coefficient. Meanwhile,
higher stress could occur in the root section. Increasing the thickness and the chordwise length of the
airfoil is a technique for improving blade strength and stiffness [12].

The airflow around the surface of the airfoil causes lift and drag forces due to the pressure variations
between its upper and lower surfaces. To maximize the power coefficient, the lift coefficient and lift-to-
drag ratio of the airfoils must be higher. While the drag coefficient of the airfoils must be lower [13].
The effect of different angles of attack on the values of lift and drag forces by considering the NACA
4420 airfoil was investigated in [14]. An important objective is to find the optimum distribution of the
airfoil and pitch angle considering design parameters such as relative wind speed, angle of attack, and
tip speed ratio (TSR). Selecting the proper TSR is the fundamental parameter in the design of a
horizontal axis wind turbine (HAWT) blade to extract more energy from the wind [15,16].

Blade element momentum theory (BEMT) is the basic theoretical method used by researchers and
manufacturers to predict the performance of HAWT blades. BEMT is a combination of momentum
theory and blade element theory. It is an iterative process to compute the relative wind velocity induced
at the rotor, axial, and tangential induction factors to determine the chord length with a defined TSR
[17]. The model divides the blade into several sections from the root to the tip of the blade to determine
the aerodynamic forces on each element. These forces can be calculated as a two-dimensional airfoil
subjected to the flow conditions. Testing the performance of airfoils using a wind tunnel is often time-
consuming and leads to higher costs. Indeed, wind turbine blade designers frequently use theoretical
studies to optimize the aerodynamic performance of the airfoils. Numerical studies can save time and
material costs compared to experimental studies. The aerodynamic performance of a small and 5 kW of
the HAWT blade was studied using BEMT in [18] and [19] to assess the optimum twist angle and chord
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length [18]. Additionally, the geometry of the blade was developed using two NACA airfoils in [20]
and the aerodynamic performance was investigated using BEMT to determine the chord, thickness, and
twist distributions [21]. Additionally, Mujahid et al. [22] compared the power output of four different
wind turbine blades with eight different NACA airfoils using BEMT and Q-Blade simulation code. Each
blade was constructed as a combination of NACA airfoils oriented along its length and simulated at
different Reynolds numbers. They determined the maximum power coefficient by varying the chord
length, twist angle, and lift coefficient. The power coefficient of different airfoil families needs to be
assessed before developing the blade. Padmanabhan and Saravanan [23] compared the power
coefficients of two blades developed using NREL and NACA airfoils based on the same wind speed.
They found that maximum power extraction for the NACA blade was at around 10 m/s and for the
NREL blade was within a range of 3 to 9 m/s. The results showed that NREL airfoil extracts the
maximum power at lower wind speed than NACA airfoil. These results show the advantages of
developing the geometry of the blade using different airfoil families to maximize the power coefficient.

Nowadays, using computer-aided design codes, the aerodynamic performance of HAWT blades can be
assessed by using computational fluid dynamics (CFD) software [24,25]. Han Cao used [26] CFD
software to study the aerodynamic performance of a HAWT blade. The geometry of a HAWT blade was
developed using DU-93 and NREL-S809 airfoils. The results indicated the variations in the aerodynamic
performances of the airfoils. In addition to 2D models, 3D models were also used to study the
performance of a small-sized HAWT blade. Additionally, Carlo Carcangiu [27] investigated the
physical behaviour of the flow field past the blades, around the boundary layer and in the wake regions.
The full wind turbine blade model was investigated with the help of the 3D Navier—Stokes solver
ANSYS Fluent software. The rotational effect on the boundary layer of the blade was investigated to
obtain a complete solution database and a post-processing tool.

Nowadays, different types of airfoil families have been used to produce HAWT blades. The airfoils
were selected based on their aerodynamic performance under variable wind loads. Due to the wind
forces, the maximum stress occurs at the root sections, and the minimum stress is at the tip sections. A
thicker airfoil is needed for higher stress areas and a thinner airfoil for lower stress areas, respectively.
With the background knowledge described above, it is clear that the efficiency of the blade is primarily
dependent on the performance of each airfoil along the length of the blade. The performance of four-
and five-digit airfoils can have different performances. Developing the blades using four and five-digit
airfoils is one technigque to maximize the aerodynamic performance. However, it is necessary to carry
out further investigations into it.

In the present work, the performance of four and five-digit NACA airfoils such as NACA 4415, NACA
4420, NACA 23012, and NACA 23015 airfoils was selected to set optimized locations for designing 54
m HWAT blades. We used thickness distribution techniques to assess optimal locations. The
aerodynamic performance of the airfoils was characterized using CFD, BEMT, and Q-blade simulation
codes. Maximum structural stability, lower weights, reduced flow in the spanwise direction, and shorter
chord lengths were obtained when hybrid NACA 4420, NACA 23015, NACA 4415, and NACA 23012
airfoils were used on hybrid HAWT at 20%, 37.78%, 55.56%, and 91.11% of the full length. A circular
profile was used to cover the remaining parts of the blade, from the maximum chord to the root section
of the blade.

2. METHODOLOGY

In the present study, four airfoil geometries, namely, NACA 4415, NACA 4420, NACA 23015, and
NACA 23012 are selected to positions along the blade length of R = 54 m. The number of blade
elementsis setto N = 10 and the number of blades is specified as B = 3. The aerodynamic performance
of airfoils is characterized by using non-dimensional parameters (Re) under different angles of attack
(AOA). The shape of the airfoil for the HAWT blades should have a high lift coefficient, a low drag
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coefficient, roughness in the leading edge, and good stall performance to optimize the aerodynamic
performance and be assessed by different authors [28], [29]. Airfoil characteristics, including L/D, Cy,
and Cp are estimated by Q-Blade/ XFoil simulation software. The Q-Blade/XFoil software is open-
source and is used to study the performance of NACA airfoils at different Re and AOA. The optimal
geometry depends on the cross-sectional shape of the blade. The width and twist angles of each airfoil
are defined by using BEMT to achieve the maximum power coefficient. With good reliability and rapid
evaluation, BEMT is recommended by different researchers for use for optimization of the performance
of the blade [22]. The Reynolds numbers of large wind turbine blades mostly vary between 1 x 10° and
1 x 107for the range of 200kW-6MW HAWTSs. We used five Reynolds numbers, namely, 2 x 10°,
4% 10% 6 x 10° 8 x 10°, and 1 x 107 for a range of AOA between 0° and 25°. Re is given by:

Vic _pVic  Inertial force

Re = (1)

v u Viscous force

(2) NACA 4420 (b) NACA 4415

=

(c) NACA 23015 (d) NACA 23012
Figure 1. The geometry of NACA 4 and 5-digit airfoil geometry.

3. BLADE DESIGN OPTIMIZATION
3.1. Tip-Speed Ratio (TSR)

TSR is the ratio of rotor speed to wind speed, which is related to the power coefficient. A blade that
rotates slowly due to an inefficient design of the rotor allows the wind to pass through and extracts a
relatively low amount of energy (low TSR). However, if the wind blades rotate at a high speed (high
TSR), the blades act like a solid wall to the incoming wind. The optimal energy cannot be extracted in
this situation as it may cause the blade to be highly stressed, increasing the possibility of structural
failure. Designing the rotor with an optimal TSR is necessary to extract the maximum power from the
wind with an improved lifetime of the rotor. The optimum TSR depends on the number of blades used
to produce the wind turbine. The majority of wind farms around the world use two to four-bladed rotors
with an optimized TSR of 5 to 6. The TSR can be increased by using highly efficient airfoils in the
design and modelling of the rotor. A proper design of a three-bladed rotor would have a TSR ranging
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between six and eight [15]. In the present study, 7, 8 and 9 tip speed ratios are considered for 54 m
HAWTS. The relationship between the free stream wind speed and the angular velocity of wind at the
rotor is considered by the non-dimensional factor, A given by:

Ti d rati _A_speedofrotortip_ vV wr ,
P SpeeaTanO A = T speed V; W, @)

Higher TSR results in a higher rotational speed of the shaft, leading the generator to operate at a high
level of efficiency. However, the erosion of the leading edges, higher noise levels, and vibration of the
turbine are the disadvantages of a high tip speed ratio. The local speed ratio A,., is given by

=" ®3)

3.2. Twist and Chord Distribution

The maximum energy can be extracted when the shape of the blade has been constructed from an
optimized chord and twist angle along the length of the HAWT blades. Based on BEMT, different
formulas have been developed to optimize the basic parameters (chord length and twist angle) of the
airfoils [15]. It is needed to optimize these parameters based on TSR along the length of the blade. Thus,
the lift coefficient at the most efficient AOA of the airfoil is given by

1167r
‘=37,

sin? (1/3 arctan( R/Ar)) 4

The angle between the relative wind velocity and the plane of rotation can be obtained from
@(r) =2/3arctan(R/Ar) (5)
Considering the blade pitch angle constant, the section twist angle can be estimated by:
Or(r) =) —a (6)

The AOA «a, and the maximum C, values of NACA 4415, NACA 4420, NACA 23012, and NACA
23015 each airfoil are computed using Q-blade simulation code.

3.3. Blade Element Momentum Theory (BEMT)

BEMT is a combination of blade element theory and momentum theory. The blade element theory is
used to assess the forces acting on each section of the blade due to airflow. In momentum theory, free
stream air velocity is assumed to be a flow tube and is used to estimate the ideal efficiencies and flow
velocities, which involve estimating the forces acting on the wind rotor. The combined theory is used to
achieve the optimal blade shape, leading to improved rotor performance. The parameters involved in
the computations include flow angle, AOA, induction factors, chord length, tip loss factor, solidity rate,
and different forces used to maximize the power coefficients.

The flow angle ¢ between each section based on the axial induction factor(a)and the angular induction
factor (a") can be computed from

1—-a)V
( a)1) %

=t -1 (—
¢ = tan 1+ d)owr
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Values of a’ developed by using the Betz limit [30] which is one of the parameters to model the geometry
of a blade. The angular and axial induction factors are set initially to zero and 1/3, respectively, to
estimate the flow angle. The axial induction factor (a)is determined from

1

= [1 + 4F sin? ¢ /(a'C cos )] ®)

The tip loss factor (F) is estimated from

2
F=2Z2 “1cp=f 9
—cos (e™)) 9)
The value of f is calculated from
_ B R—r 10
f= 27 —sing (10)

o' is the solidity factor which is determined from

cB
i J— 11
o'=o— (11)
The axial force coefficientC, is obtained from
C,=Crcosp+Cpsing (12)

The angular induction factor(a") based on BEM theory can be determined from

. 1
‘= [(4F cos ¢ /(a'CL)) — 1] (13)

The tangential force coefficientC,, is obtained from
Cy =Cysing —Cpcos @ (14)

The values ofaanda’ computed from equations (8) and (13) are used as the initial values for the flow
angle iteration given by equation (7). The stopping criteria for the iteration process are given by

lap+1 — ayl < 0.001 and|ay,; — an| < 0.001

Once the values ofa and a’ converge, the relative wind speed for the given flow angle is determined
from

_Vi(1—-a)

Urer = (15)

sing

Considering B blades, the axial force in a section at a distancer (i.e., relative wind velocity, axial and
tangential forces on each section) can be calculated from

1
dFy =B EPUrZez(CL cos ¢ + Cp sin @)cdr (16)
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The tangential force in each section of the blade can be computed from
1, _

dF; = BEpUrel(CL sing — Cp cos @)cdr 17)

The torque on the section is obtained from
1 )

dT =B EpUrel(CL sing — Cp cos @)crdr (18)

The power generated by the blade element can be calculated from
dP = dTw (19)

The non-dimensional power coefficient based on the axial induction factors is determined from

% pAV34a(1 — a)?
Cp = 1 5
ijV1

= 4a(1 — a)? (20)

The power output of a wind turbine blade can be expressed as

1
Pour = E.DAV13 (MmecnCp) (21)

3.4. Computational Fluid Dynamics (CFD) Method

The aerodynamic performance of the airfoil can be predicated on using CFD software. The two-equation
shear stress transport (SST) k — w, Reynolds Averaged Navier Stokes (RANS), and Spalart-Allmaras
turbulence models are the known solution methods in the ANSYS Fluent software [31]. The SST k — w
model is more accurate in predicting the area of flow separation caused by the adverse pressure gradients
as noted in Refs. [15] and [19]. In this study, the SST k — w model is considered to perform numerical
simulations on the specified airfoils. Three operational wind speeds, such as 6, 9, and 12 m/s, and a
designed angle of attack o, = 9° are considered to predict the values of turbulence kinetics, velocity,
and pressure distribution on each airfoil.

The coordinates of each airfoil are computed using the airfoil database and imported into the ANSYS
design modeler to create 2D geometries. The chord length with a length of 1 m on each airfoil is
specified. The C-mesh type for the flow field geometry and boundary conditions are set around the
airfoil as shown in Fig. 2. The length and width of the C-mesh for the grid cells are set at 25 times the
chord length. The input and output layers of the boundary locations are represented by curve A and line
G. The tip of the airfoil curves is located at point D. The symmetrical parts of the wall are the edges BE
and CF. The geometry of boundary layers is divided by structured quadrilateral cells to form a mesh as
shown in Fig. 3. The meshing overview and boundary conditions for simulations for each airfoil are
given in Tables 1 and 4. The cell of the layers can be considered as a very small volume in which the
conservation equations can be solved. The quadrilateral meshes consist of approximately 40000, 49000,
and 246000 cells. The meshed geometry is imported to ANSYS Fluent to determine the problem
parameters and run the CFD simulations [32].
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Figure 2. C-mesh type flow domain and the boundary conditions.

a) NACA 4420 ' b) NACA 4415

(c) NACA 23015 ' (d) NACA 23012
Figure 3. Meshed flow domain and the boundary layers.

Table 1. Boundary conditions for CFD simulations.

Simulation type Pressure based steady simulation
Fluid material and flow type  Air, incompressible flow
Temperature 288.16 K
Density of air 1.225 Kg/m?
Kinematic viscosity 1.48 x 10°° m?/s
Pressure 101 325 Pa
Wind speeds 6,9, 12 m/s
Angle of attack ap =9°
Turbulence model SSTk—-w

Pressure-velocity coupling, Least square cell-based, Second-order- pressure, Second-order

Solution method upwind-momentum, Second-order upwind- turbulence, Second-order upwind-specific energy

dissipation rate
Pressure: 0.5

Solution control Momentum: 0.5

Turbulent kinetic energy: 0.75
Boundary conditions Velocity inlet (6, 9, 12m/s), Pressure outlet (gauge pressure): 0
Number of mesh cells 40000, 89000 and 246000
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4. RESULTS AND DISCUSSIONS

4.1, Airfoil Properties

The shape of the airfoil can be capable of generating significantly more lift force than drag force. It is
necessary to know the relationship between the lift, drag coefficient, and angle of attack of the airfoils
at different Reynolds numbers before developing the blades [33]. Figs. 4 (a-e) shows the values of lift
and drag coefficients of four NACA airfoils as a function of an angle of attack (a) under different
Reynolds numbers (Re). As observed in the curves, the values of lift coefficients of NACA 4415, NACA
4420, NACA 23012, and NACA 23015 are increasing as the Reynolds numbers are increasing.
However, these changes in lift coefficients of the targeted airfoils occur up to about @ = 17° and then
start decreasing after reaching their maximum values. Additionally, the maximum values of lift
coefficients, drag coefficients, and lift-to-drag ratios of the targeted NACA airfoils, considering different
Reynolds numbers, are shown in Table 2. It is indicated that the lift and drag coefficient of the NACA
4415 airfoil is the highest value as compared to other airfoils under consideration. However, the lift-to-
drag ratio of the NACA 4415 airfoil is the lowest value atRe = 6 x 10°, respectively.

2 2
1.8 I 1.8
1.6 1.6
1.4 14

1,2

0.8
0,6
0.4
02

——NACA 4415
——NACA 4420
—NACA 23012
——NACA 23015

NACA 4415
--------- NACA 4420
---NACA 23012
— -NACA 23015 7

CL —

TN 05

5
05 0,0

Figure 4. Lift and drag coefficient of airfoils at a different angle of attacks and Reynolds number (a) Re =2 x 10°,
(b) Re =4 x 10, (c) Re =6 x 10°, (d) Re =8 x 10°, and (€) Re =1 x 107.
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Table 2. Maximum values of drag and lift coefficients and lift-to-drag ratios for 2E6 < Re < 1E7.

Airfoils NACA 4415 NACA 4420 NACA 23012 NACA 23015

Parameters  Cd Cl Cl/cd Cd Cl Cl/cd Cd Cl Cl/cd Cd Cl Cl/icd
Re: 2E6 0.048 1.743 36.313 0.048 1.722 35875 0.046 1665 36.196 0.035 1.730 49.429
Re: 4E6 0.048 1.846 38.458 0.062 1.794 28935 0.033 1779 53.909 0.038 1.802 47.421
Re: 6E6 0.064 1.900 29.688 0.057 1.837 32.228 0.037 1.839 49.703 0.034 1.849 54.382
Re: 8E6 0.059 1.949 33.034 0.055 1.864 33.891 0.033 1874 56.788 0.041 1.882 45.902
Re: 1E7 0.055 1.978 35964 0.062 1.897 30597 0.030 1908 63.600 0.038 1.905 50.132

The primary function of the airfoil is to increase lift force by reducing the pressure on the upper surface
of the airfoil. It is important to select an airfoil shape that will give a high lift and lift-to-drag ratio at
different Reynolds numbers. In particular, the high lift-to-drag ratio of an airfoil is desirable for small-
sized rotors to generate optimum power at low wind speeds [13]. The relationship between the power
coefficient and the lift-to-drag ratio of an airfoil is studied in [34]. The maximum power coefficient can
be obtained by increasing the L/D of the airfoils of the blade. Therefore, maximizing the lift-to-drag
ratio of the airfoils can support getting the optimal power coefficient. In this study, the lift-to-drag ratio
of four airfoils is characterized by considering different AOA and Re on NACA 4415, NACA 4420,
NACA 23012, and NACA 23015 airfoils as shown in Fig. 5 (a-e). As the AOA increases, the lift-to-
drag ratios of all airfoils reach their maximum values and then decrease drastically. The lift-to-drag ratio
of four NACA airfoil families is compared by considering the Reynolds numbers of Re =2 x 10° as
shown in Fig. 5(a). Considering NACA 4415 as an example, the highest €, /C, = 151.84 is observed
at an angle of attack of @ = 5°. When the Reynolds number increases to Re =4 x 10, the maximum
lift-to-drag ratio is C, /Cp, = 171.48 for the NACA 4415 airfoil, which is marked in Fig. 5b. In the case
of NACA 23012 and NACA 23015 airfoils, they have smaller lift-to-drag ratios for the targeted range
of Reynolds numbers 2E6 < Re < 1E7. Additionally, the lift-to-drag ratio of the four NACA is
compared by considering the Reynolds number Re = 6 x 10° at an angle of attack a = 9° as shown in
Fig. 5¢c.The highest C; /Cp = 146.09 and the lowest C, /Cp, = 138.62 are obtained on NACA 23015
and NACA 4415 airfoils. As the Reynolds numbers increased to Re =8 x 10° and Re =1 x 107, the
difference in lift-to-drag ratios increased to 7.16% and 12.94%, respectively. The theoretical results
show that the maximum lift-to-drag ratio of each airfoil is dependent on the Reynolds numbers and
angles of attack. It is necessary to set the maximum lift-to-drag ratio as the optimal target in order to
improve the power coefficient.

Here, the lift-to-drag ratio at the Reynolds number of Re = 6 x 10° and the new design angle of attack
ofa;, = 99 are considered to determine the chord length of each airfoil and to position the airfoils along
the length of the 54 m HAWT blade. The values of lift coefficient, drag coefficient, and lift-to-drag ratio
used to model the chord length for the proposed HAWT are shown in Table 3. Results show that the lift-
to-drag ratio of the NACA 4420 airfoil has the lowest and the NACA 23015 airfoil has the highest value.
This difference comes due to the lower drag coefficient of the NCAC 23015 airfoil. To maximize the
power output of a rotor, airfoils with a higher lift-to-drag ratio and lower drag coefficients must be
placed on the tip section of the blade.
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Figure 5. Lift-to-drag ratios of airfoils at different angles of attack and different Reynolds numbers, (a)
Re =2 x 10°, (b) Re =4 x 10°, (c) Re =6 x 10, (d) Re =8 x 10°, and (e) Re =1 x 10”.

Table 3. Drag coefficient and the lift-to-drag ratio at Re = 6 X 10° and at a design angle of attack a, = 9°.
Airfoils NACA 4415 NACA 4420 NACA 23012 NACA 23015
Parameter  Cd Cl clicd cd Cl clicd cd Cl clicd cd Cl _ clicd
Re: 6E6 0.010 1431 138.62 0.009 1409 15135 0.008 1.155 14577 0.008 1.138 146.09

4.2. CFD Simulation Results

CFD is one method to assess the aerodynamic performance of an airfoil that is similar to a wind tunnel
test. The cost and time needed to determine the airfoil’s performance are lower than those of the wind
tunnel test. In this study, ANSYS Fluent software was executed to predicate the performance of the
airfoils to set their optimal position along the length of a 54 m wind turbine blade. To ensure the accuracy
of the results, three different mesh sizes were considered, corresponding to 40 K, 89 K, and 246 K
elements, respectively. The computed results are compared within each airfoil family, as shown in Table
4. The simulation results indicate that the NACA 23012 airfoil has the highest velocity magnitude and
the lowest static pressure for 40 K and 89 K mesh elements. However, the highest velocity magnitude
was obtained for the NACA 23015 airfoil at 246 K. The turbulence kinetic energy of the airfoil increased
as the wind speed increased at the targeted mesh sizes. Based on the CFD simulation results, the NACA
23012 airfoil has better aerodynamic performance than other airfoils. It is a good candidate to be set at
the tip section of the newly designed 54 m wind turbine blade.

Table 4. Turbulence kinetic energy, velocity magnitude and pressure distribution for each airfoil at different
wind speeds and mesh numbers.

Wind speed Mesh Airfoil types Velocity Static pressure Turbulence Kinetic
(m/s) numbers magnitude (m/s) (Pascal) (m?/s?)
NACA 23015 9.09 21.60 1.88
NACA 23012 9.40 21.20 0.88
6 40000 NACA 4420 8.83 21.70 1.38
NACA 4415 9.20 21.40 0.78
NACA 23015 13.70 48.50 421
9 NACA 23012 14.20 47.40 1.98
NACA 4420 13.30 48.50 2.96
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NACA 4415 14.00 48.10 163
NACA 23015 18.30 86.20 7.45
" NACA 23012 18.90 84.30 3.42
NACA 4420 17.80 86.20 5.11
NACA 4415 18.70 85.50 2.75
NACA 23015 9.38 21.80 1.15
NACA 23012 9.52 21.60 0.87
6 89000 NACA 4420 9.04 21.80 1.29
NACA 4415 9.27 21.70 1.00
NACA 23015 14.10 48.90 2.58
. NACA 23012 1430 48.50 188
NACA 4420 13.60 49.10 2.74
NACA 4415 14.00 48.90 187
NACA 23015 18.90 87.00 4.56
. NACA 23012 19.20 86.00 3.28
NACA 4420 18.30 87.30 4.68
NACA 4415 18.70 86.90 2.99
NACA 23015 9.64 21.90 1.05
NACA 23012 9.60 21.80 117
6 246000 \IAcA 4420 9.13 21.90 122
NACA 4415 9.28 21.80 120
NACA 23015 14.60 49.30 2.21
o NACA 23012 14.40 49.00 2.09
NACA 4420 13.80 4930 2.54
NACA 4415 14.00 49.10 2.33
NACA 23015 19.50 87.60 3.72
” NACA 23012 10,30 87.10 3.45
NACA 4420 18.60 87.60 4.00
NACA 4415 18.80 87.40 3.84

The static pressure and velocity contour of the four airfoils at a wind speed of 12 m/s and an AOAa, =
99 were compared as shown in Figs. 6 and 7. The simulation results show similarities in static pressure
between the four and five-digit airfoils. However, the velocity magnitude of the airfoils was varied, and
a better velocity magnitude was obtained for the case of five-digit airfoils.
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Figure 6. Static pressure contour of NACA23015, NACA 23012, NACA 4420 and NACA 4415 airfoils at a wind
speed of 12 m/s and ap = 9°.
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As shown in Fig. 7 (a), the velocity magnitude of NACA 23015 is the highest and NACA 4420 is the
lowest. This shows different airfoils are needed to model a blade along its length to extract the maximum
energy from the wind. The thickness of the airfoils is an additional parameter to decide the position of
the airfoil. In particular, thick airfoils are needed for the root section of the blade for the stability of the
blade structure. However, the NACA 23015 airfoil has a higher thickness compared to the NACA 23012
airfoil. In this case, placing NACA 23012 (thinner thickness) at the blade's tip section can improve the
power coefficient better than the other airfoils.
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Figure 7. Velocity magnitude contour of NACA23015, NACA 23012, NACA 4420 and NACA 4415 airfoils at a
wind speed of 12 m/s and ap = 9°.

4.3 Numerical Results

BEMT is the most popular technique to determine the design parameters of wind turbine blades, such
as section twist angles, flow angles, induction factors, and chord lengths of the rotor. The model divides
the blade into small elements and operates the aerodynamic performance as 2D airfoils whose design
parameters can be calculated based on local flow conditions [15]. In this study, BEMT was used to find
and characterize the chord length and flow angles of NACA 4420, NACA 4415, NACA 23015, and
NACA 23012 airfoils under TSR of 7, 8, and 9 to model a 54 m HAWT blade using each airfoil. Tables
5 and 6 show the values of optimized chord length and the flow angle along the length of the twelve
blades at TSR of 7, 8, and 9 after many iterations. Results indicate that the chord lengths and flow angles
decreased as the TSR increased. In addition, the chord length and flow angle properties of each airfoil
under the specified TSR were examined. The values of chord length and flow angle significantly
increased towards the root section. TSR is an important parameter in blade design to ensure satisfactory
performance [35]. It is important to understand that linearization techniques at various TSRs can
optimize the aerodynamic performance of the blade. In this case, the highest and the lowest chord length
are observed for NACA 23015 airfoil and NACA 4420 airfoil at each specified TSR after linearization.
The aerodynamic performance of the rotor depends on the size of the chord length of the airfoils. As the
size of the blade increases, the aerodynamic performance may be reduced at lower wind speeds. On the
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other hand, lower TSR corresponds to high wind conditions. Due to this, it is necessary to develop the
HAWT blades by using different airfoil families to obtain an optimized chord length that can maximize
the aerodynamic performance. Moreover, the section twist distributions under TSR of 7, 8, and 9 are
assessed on the four and five-digit NACA airfoils as shown in Fig. 8. The results show that the sectional
twist distributions of the airfoils decreased as the TSR increased.

Table 5. Geometric dimensions of rotor blades having four-digit NACA 4415 and NACA 4420 airfoils.
NACA 4415 NACA 4420
TSR 7 TSR 8 TSR 9 TSR 7 TSR 8 TSR 9
c(r) ® c(r) @ c(r) ® c(r) @ c(r) ® c(r) ®
r/R meter degree meter degree meter degree meter degree meter degree meter degree
0.20 6.48 2551 507 2266 4.07 20.35 6.58 2551 515 2266 414 20.35
0.29 472 18.27 3.66 16.11 291 1440 479 18.27 371 16.11 296 14.40
0.38 3.68 14.16 284 1245 225 1110 3.74 1416 288 1245 229 1110
0.47 3.01 1155 232 1014 1.84 9.03 3.06 1154 235 1013 1.87 9.03
0.56 2.55 9.74 1.95 8.54 1.55 7.60 2.59 9.73 1.99 8.54 1.57 7.60
0.64 220 841 169 738 134 6.56 2.24 841 172 737 136 6.56
0.73 1.94 7.41 1.49 6.48 1.18 5.77 1.97 7.40 151 6.49 1.20 5.77
0.82 1.73 6.61 1.33 5.79 1.05 5.15 1.76 6.61 1.35 5.79 1.07 5.15
091 157 597 120 523 0.95 465 159 597 122 523 096 4.65
1.00 1.43 5.44 1.09 4.77 0.87 4.24 1.45 5.44 111 4.77 0.88 4.24

Table 6. Geometric dimensions of rotor blades having five-digit NACA 23012 and NACA 23015 airfoils.
NACA 23012 NACA 23015
TSR 7 TSR 8 TSR 9 TSR7 TSR 8 TSR 9
c(r) ® c(r) ® c(r) ® c(r) ® c(r) ® c(r) ®

r/R meter degree meter degree meter degree meter degree meter degree meter degree
020 8.03 2551 629 2266 504 2035 815 2551 6.38 2266 512 20.35
029 585 1827 453 1611 360 1440 593 1827 460 16.11 3.66 14.40
038 456 1416 352 1245 279 1110 4.63 1416 357 1245 284 1110
047 3.73 1155 287 1013 228 9.03 3.79 1154 291 1013 231 9.03
056 315 973 242 854 192 760 320 973 246 854 195 760
064 273 841 209 737 166 656 277 841 213 737 168 6.56
073 240 740 184 6.49 1.46 577 244 740 1.87 6.49 1.48 5.77
082 215 661 165 579 130 515 218 6.61 167 579 132 515
091 194 597 149 523 1.18 4.65 1.97 5.97 151 5.23 1.19 4.65
1.00 1.77 544 1.34 477 107 4.23 1.80 544 138 4.77 1.09 4.24
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Figure 8. Twist distribution (a) NACA 4420, NACA 4415 and (b) NACA 23015, NACA 23012 airfoils.

Optimized chord lengths are required when designing a HAWT blade to reduce cost, stall, weight, and
increase structural stability. As the size of the wind turbine blade increases, the load increases drastically
around the root section of the blade. The greater bending loads are sustained near the root of the blade.
It needs to use thick airfoils to support the large bending loads. However, thick airfoils have poor
aerodynamic performance when compared to thin airfoils [36]. A key problem is to design a strong
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region near the root section that supports these loads without sacrificing too much aerodynamic
performance. For comparison, a 54 m HAWT blade was developed using NACA airfoil families. Each
of the NACA 4420, NACA 23015, NACA 4415, and NACA 23012 airfoils were applied to develop the
wind turbine blades at TSR of 7, 8, and 9. The distribution of NACA airfoils along the length of 54 m
HAWT was performed using optimized thickness distribution techniques. Figs. 9 and 10 show the
thickness distribution on the HAWT blades that were developed using four and five-digit NACA airfoils
at TSR of 7, 8 and 9. The highest and the lowest thickness distribution were observed on the blades that
were developed by using the NACA 4420 airfoil and the NACA 23012 airfoil on each specified TSR.
In this case, the wind turbine blades developed by using NACA 4420 can be good for structural stability.
On the other hand, wind turbine blades developed using NACA 23012 can have good aerodynamic
performance. The aerodynamic and structural properties of the airfoils are important in blade design. It
is necessary to consider these parameters during the design of the blade. Mainly, the stresses reach their
maximum and minimum values around the root and the tip of the blade. To overcome these stresses,
thicker and thinner airfoils at each section are needed. A thicker airfoil (NACA 4420) was set around
the root section and a thinner airfoil (NACA 23012) was set at the tip section for the newly designed 54
m wind turbine blade. Based on thickness distribution techniques of the airfoils, NACA 4420, NACA
23015, NACA 4415, and NACA 23012 airfoils were set at 20%, 37.78%, 55.56%, and 91.11% of the
full length of the blade. The remaining sections of the blades were set based on linear interpolation
techniques by estimating values considering the two extreme positions. Both chord lengths and thickness
distributions are optimized using this technique. In particular, the maximum chord length of the newly
designed rotor blade was reduced by 18.06% compared to the NACA 23012 rotor blade.
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Figure 9. Thickness distribution for four-digit (a) NACA 4415, and (b) NACA 4420 airfoils.
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Figure 9. Thickness distribution for five-digit (a) NACA 23012, and (b) NACA 23015 airfoils.

Based on BEMT, the normal and tangential forces on the newly designed 54 m HAWT blades are
analyzed under different TSR and wind speeds. As shown in Fig. 11, the normal and tangential forces
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increased towards the tip section of the blades as the wind speeds increased. In addition, the relative
wind velocity increased towards the tips of the blades due to the reduction in the flow angle. A blade
which is designed for high relative wind speeds develops minimal torque at lower speeds [37]. Mostly,
tangential forces are used to generate torque. Additionally, the normal and tangential forces on the newly
designed blade are characterized as a function of TSR of 7, 8, and 9 as shown in Figs. 11 (a-c). The
graphical results show nearly similar normal and tangential forces on each targeted TSR and wind speed.
However, the normal and tangential forces increased as the wind speed changed from 6 to 12 m/s. A
higher tip speed demands reduced chord length, leading to narrow blade profiles. This can lead to
reduced material usage and lower production costs. Although an increase in centrifugal and aerodynamic
forces is associated with higher tip speeds. The chord length of the newly designed blade was compared
as a function of TSR. As the TSR increased from 7 to 9, the chord length was reduced by about 37.19%.
It is observed that reducing the chord length has a direct effect on reducing the weight and the cost of
the wind turbine. Based on the current numerical results, TSR at 9 is recommended for the design of
large hybrid HAWTSs from weight and cost viewpoints.
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Figure 10. Force distributions on hybrid HAWTSs at different TSR and wind speeds.

5. CONCLUSIONS

This study is part of ongoing research to assess the performance of different airfoils to design the
structure of wind turbine blades applicable to different wind farms. The purpose of this paper is to
determine the best position of the airfoil along the length of the proposed 54 m horizontal axis wind
turbine blades. The highest lift coefficient and the lift-to-drag ratio of airfoils at AOA (ap = 9°) and
Reynolds numbers (Re =6 x 10°) were considered for four-digit (NACA 4415 and NACA 4420) and
five-digit (NACA 23012 and NACA 23015) airfoils. The aerodynamic parameters of the airfoils are
obtained using Qblade/Xfoil open software. BEM theory was used to assess the power coefficient, chord
length, induction factors, and twist distribution of airfoils. All the parametric values were optimized
using MATLAB codes. Results from the theoretical investigation indicated that chord length, induction
factors, twist and thickness distributions of each airfoil were varied. Mostly, higher stresses around the
root and lower stresses at the tip sections were observed in the rotor blades. Additionally, variations in
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chord length between four and five-digit airfoils were observed. Based on thickness distribution
techniques of airfoils, NACA 4420, NACA 23015, NACA 4415, and NACA 23012 airfoils were set at
20%, 37.78%, 55.56%, and 91.11% of the full length. The remaining portion of the region between the
root and the maximum chord was covered with a circular profile. The normal and tangential forces
acting on the newly developed HAWTSs were analyzed using different TSRs. The TSRs were observed
to be nearly similar for each force. Based on this, a higher tip speed ratio, which is 9, is recommended
for the design of a hybrid HAWT.
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