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& Jesus Maria Blanco?

This paper presents a computational fluid dynamics (CFD) analysis and blade element momentum
(BEM) analysis of horizontal small-scale wind turbines under various parameters. Random airfoils such
as the NACA 0012, NACA 0018, NACA 4412, S1016, S1210, S1223, and SC20402 are chosen, and the
glide ratio is analysed. A Reynolds number of 100,000 is considered because of the small wind turbine
design. The foil with the highest glide ratio is selected. Various notations are used to represent the
chord and the twist angle of the blade, and the blade with the best chord and twist angle is chosen.
The lift, drag, and power coefficients and power curves are analysed via the BEM. The power curves are
evaluated for different air densities, and a higher value of power is obtained. Finally, via CFD, the SST
K — w model for turbulence is analysed for various angles of attack via Ansys Fluent for different air
densities. The results are satisfactory compared with those of the CFD and BEM analyses. The Weibull
distribution is analysed to understand the required frequencies for various wind speeds so that the
installation of wind turbines can be made convenient in preferred areas with suitable wind properties.

List of symbols
BEM Blade Element Moment
CFD Computational Fluid Dynamics

HAWT Horizontal Axis Wind Turbine
VAWT Vertical Axis Wind Turbine
FEA Finite Element Analysis

Ci1Cy Glide ratio / lift to drag ratio
SSTkw  Shear-stress transport K omega.

C Lift coefficient.
Cy Drag coeflicient .
F Lift Force.

Fy Drag Force.

AOA Angle Of Attack.
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Gy Turbulence kinetic energy
[eX Turbulence for w

Vi Diftusivity of K

Yo Diftusivity of w

Ys Dissipation of K

Y, Dissipation of w

Sh: User-defined source of k

S, User-defined source of w
PDF Probability Density Function
CDF Cumulative Distribution Function
Kw Kilowatt

AEP Annual energy production

P Pressure

MW Megawatt

One of the most promising renewable energy sources currently being developed is wind energy. Until recently,
building wind turbine blades using existing airfoil families, such as the well-known NACA series, has been
common, but the need to advance wind turbine technologies has prompted the search for alternatives. A greater
comprehension of the flow field may lead to design modifications that greatly enhance performance. There is
much interest in determining aerodynamic properties via computational fluid dynamics because performing
wind turbine experiments is expensive!. The aerodynamic performance of a wind turbine blade can be analysed
via computational fluid dynamics. Horizontal-axis wind turbines (HAWTs) and vertical-axis wind turbines
(VAWTS) are the two main types of wind turbines. HAWTs are used commercially for large-scale power
production because they are more effective than VAWTs?. The development of horizontal axis wind turbine
(HAWT) technologies, which are clearly at the top of the market right now, is evidence that wind energy
conversion has experienced substantial growth around the world®. In addition, novel alternative turbine
technologies, particularly vertical-axis wind turbines (VAWTs) for building augmentation (roof installation) in
urban environments, are being investigated, which demonstrates the interest of researchers in wind energy.
Owing to their low tip speed ratios, insensitivity to the yaw angle, and ground positioning of their mechanical
and electrically heavy sections, vertical-axis wind turbines are renowned for producing relatively little noise*.
Wind tunnel testing is used in traditional research investigations for lower Reynolds numbers and lower angle
of attack values®. The blade element moment is a reliable and easy way to investigate thelift, drag and momentum
coefficients. Compared with real-time wind tunnel testing, it is a less expensive and efficient way to analyse data’.
Vaz et al®. studied and created a mathematical model based on BEM theory for horizontal-axis wind turbine
design and compared it to Glauert’s model. Miller et al’. reviewed numerical studies on wind energy, focusing on
wind analysis and predictions, blade modelling and optimization, CFD, FEA (structural) and BEM for analysis
and optimization. The prediction of turbine performance requires the prediction of blade aerodynamics. The
two major methods for numerical aerodynamic prediction are (1) blade element momentum (BEM) theory and
(2) CED to solve the Navier-Stokes equations. Yong Zhuang and Guangming Yuan!%studied the structural
parameter changes in the blade tip, middle and root regions of a longer wind turbine blade with an NREL 5 MW
wind turbine blade as an example by using the combined techniques of EulerBernoulli beam theory and
Theodorsen nondirectional aerodynamic loads via FEM. Chi-Jeng Bai and Wei-Cheng Wang from the
Department of Aeronautics and Astronautics'!, Taiwan, conducted a detailed review on the aerodynamics of
HAWTS via BEM and CFD as a combined analysis along with an experimental approach. Dina Ahmed Hosni
Salah et al'?. performed a CFD analysis of a horizontal-axis dual rotor wind turbine of an $826 airfoil using
k-shear stress transport turbulence models to solve for the 3D design and the turbulent, stable, and incompressible
flow equations. The results are compared with the experimental data, and the effects on the efficiency of the wind
energy are determined. A vertical-axis small-scale wind turbine with a rated power of 1 kW was investigated by
Sukanta Roga et al'®.. The research work was performed with an operational pitch angle control algorithm that
allows the power to be below the rated value at wind speeds corresponding to high rated values. Shu et al'“.
presented a statistical analysis of the wind characteristics and wind energy potential at typical sites in Hong Kong
via the Weibull distribution model, along with the variations in the mean wind speed and the Weibull parameters.
Saleh et al'®. studied different methods for estimating the Weibull distribution parameters for wind speed at the
Zafarana wind farm, Suez Gulf, Egypt. Kang et al'®. investigated the best method for estimating the Weibull
parameters on Jeju Island, South Korea. Six methods for estimating the Weibull parameters were introduced, and
their accuracy was evaluated via four accuracy tests for each parameter. Five-year wind data collected at nine Jeju
sites with three different topographical conditions were analysed. Carrillo et al'’. studied the Weibull distribution
via wind speed data from weather stations in the city of Galicia, which is located in northwestern Spain. Pilar
Diaz-Cuevas et al'®. combined the use of geographical information systems and multicriteria decision methods
for the southern part of Spain. Factors such as the wind speed and the wind power density for suitable and
unsuitable geographical locations were discussed. Raquel Ferndndez-Gonzalez et al'®. performed a feasibility
analysis of an average wind project in Galicia. The average wind speed and protected natural areas in Galicia for
possible investments in Spain were discussed. Sukanta Roga et al?’. used computational fluid dynamics (CFD) to
analyse the energy performance of a vertical-axis wind turbine and a permanent magnet synchronous generator.
To determine the maximal output power from the system, a power point tracking approach was used. The
outputs, such as the voltage, current, power, rotor speed, power coeflicient, electromagnetic torque and
mechanical torque, were examined via the computational results. Sukanta Roga et al?!. utilized Windographer
software to analyse the wind energy potential at various locations in Nagpur city, India. The study involved the
evaluation of monthly average wind speeds, wind power density, etc. A Weibull parameter study was conducted
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to evaluate the probability distribution function. These factors were considered together to establish each site’s
classification. In this study, Weibull parameters were derived via four distinct methods to estimate the probability
distribution function. The average wind power density and maximum capacity factor for the wind turbine were
determined. Mekalathur B Haemanth Kumar?? conducted a wind energy potential assessment via Weibull
parameter estimation in the Tirumala region in India. In this study, the Weibull parameters were used to analyse
the wind data available at a particular location in the Tirumala region in India. An effort was made to study the
wind potential in latitude and longitude regions (13°41'30.4” N, 79°21'34.4" E) via the Weibull parameters. For
a total period of six years from January 2012 to December 2017, wind data were measured, and the following
parameters were analysed: wind speed, wind direction, frequency distribution, mean wind speed, and parameters
k and ¢ of the Weibull distribution. A final comparison of wind farm locations in India was performed in this
study. On the basis of this literature survey, in this study, a detailed step-by-step analysis of the blade design is
conducted to obtain all the necessary parameters for the wind turbine, and CFD and BEM results are compared
with experimental values to determine which method is better for performing the numerical analysis, ensuring
that the parameters are considered for the Weibull analysis for the wind turbine installation. Hence, in this study,
a detailed analysis is performed for a small-scale horizontal-axis wind turbine, starting with the foil selection,
design analysis, and chord and twist analysis, and the power coefficient and power curves of the blade are
determined in QBlade via BEM analysis. A blade with the required C,, value is considered, and the power curves
are determined at different air densities of 0.882 and 1.776 in the BEM analysis. Similarly, CFD analysis is carried
out for the required air densities. The lift-to-drag ratio (C;/Cy) values obtained via the BEM and CFD analyses
are compared, and the deviations are examined. The power curve is then evaluated for the required wind
parameters, and the Weibull distribution is examined. This research provides insight into the aerodynamics of
wind turbines by using both BEM and CFD analyses side-to-side to create better performing wind turbines. This
Weibull analysis provides a clear path for identifying suitable locations for wind turbines for wind energy
harvesting.

Governing equations
Theoretical analysis
Chord and twist analyses play vital roles in the design of the wind turbine blade. Various authors have proposed
different methods for calculating the chord and twist sections of a blade. In this work, four governing equations
are considered, and a blade is designed.

Twist and chord length analysis model 1 suggested by Ingram?3:

C(r)= 8(‘?)53;2?@, ¢ =90deg f(g)tan_l <)\%) (1)
Twist and chord length analysis model 2 suggested by Jamieson?*:
167 R?
O(r) = 2
)= 5B @
Twist and chord length analysis model 3 suggested by Hanson?’:
Sarsin®¢ a4 2
opt — = D = t 3
O = T aBE, 0 = 1" (3/\,‘) ®)
where
Cp =Crcos¢+ Cpsing,a = 0.2 (4)
Twist and chord length analysis model 4 suggested by Manwell et al.?¢:
8mrcos ¢ (1
Clr)=——=+—,0=1t
") =3gen, ¢~ (SA) ®)
Betz optimization?’
167 1
Clr) = (6)

ERV/CY B

The equations above are utilized for chord length and twist angle calculations, where B is the number of blades,
C', is the airfoil chord length, ), is the local speed ratio, r is the radius of the inner blade and R is the radius of
the outer blade. Via the above equations, the best values for designing a blade are determined, and a formula is
established for analysing the blade design.

Next, the flow medium and the total energy equation, including viscous effects, are evaluated with the ideal gas
law. The flow fluid is air under ideal gas conditions?®. The governing equations for the simulation analysis can be
written in the following form: For the turbulence model, the shear-stress transport SST k- wis considered, with
the dynamic viscosity of the power law equation of ideal gas air taken into account®.
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Coefficient of dynamic viscosity:

T n
K= Href (Tf) (7)

where 4 is the viscosity kg/ms, T is the static temperature in K, /i, is a reference value, and n is the number of
moles of gas.

The actual power of the wind turbine is given by*’. The power of the wind is determined via the equation below.
The power law

1 )
le‘,u,a,] = ECPPU&A (8)

where C, is the power coefficient of the Betz limit of 0.593, p is the density of the air, V is the velocity of the air
and A is the cross-sectional area.

The lift coefficient C), drag coeflicient Cy, lift force I and drag force dare evaluated in terms of motion3!. To
evaluate the airfoil and aerodynamic performance, C;, C,; and the glide ratio C;/C}; are considered.
Lift coefficient:

Ci= v ©)
Drag coefficient:

Ci= s (10)
Lift force:

(-2 5a an
Drag force:

de pVQQSCd (12)

where “C;” is the lift coeflicient, which relates to the angle of attack (AOA) to the lift force; “Cy;” is the drag

coefficient, which relates the angle of attack (AOA) to the drag force; “v” is the velocity of air; “I” is the lift force;
“d” is the drag force; “s” is the wing area.

Manwell et al?. explained that the Weibull distribution factor has two functional aspects, namely, the probability
density function (PDF) and the cumulative distribution function, which are expressed as follows:

Probability density function
U\F
()

(5 ()"

Cumulative distribution function
U\*
-(e)

where V is the wind speed at m/s; K is the shape factor, which is dimensionless; and C is the scale factor in
m/s. The Weibull distribution provides insight into the density and wind speed effects in various terrains and
locations.

F(U)=1-exp (14)

Boundary conditions

The shear-stress transport (SST) k- wmodel was proposed by*>* to effectively blend the robust and accurate
formulation of the k- w model in the near-wall region with the free-stream independence of the k- € model in
the far field. To achieve this, the k- € model is converted into a k- w formulation. The SST k- w model is similar to
the standard k- w model but includes the following refinements: The standard k- w model and the transformed
k € model are both multiplied by a blending function, and the models are added together. The blending function
is designed to equal one in the near-wall region, which activates the standard k- w model, and zero away from
the surface, which activates the transformed k- ¢ model. The SST model incorporates a damped cross-diffusion
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derivative term into the w equation. The definition of the turbulent viscosity is modified to account for the

transport of the turbulent shear stress. The modelling constants are different. These features make the SST k- w

model more accurate and reliable for a wider class of flows (e.g., adverse pressure gradient flows, airfoils, and

trans-sonic shock waves) than the standard k- w model. Other modifications include the addition of a cross-

diffusion term in the wequation and a blending function to ensure that the model equations behave appropriately

in both the near-wall and far-field zones. Rao** described the continuity, momentum and energy equations:
Continuity equation

vV x (0)=0 (15)

Momentum equation

! ((%) +(u- V“>> = —Vp+uvu+ pg (16)

Energy equation

(Dlp+%/2)
r < Dt

) =pg— V(pv) (17)

Transport equations for the standard k-w model

0 0 0 ok
Transport equations for the standard k-w model
0 0 0 Ow
QUM) + aT;i(pwu,) = 8—“(Fw) (8:1,'1') + Gy —Y,+ S, (19)

In these equations, G, represents the generation of turbulence kinetic energy due to mean velocity gradients. G,
represents the generation of w. I';, and I',, represent the effective diffusivities of k and w, respectively. Y;, and Y,
represent the dissipations of k and w due to turbulence. S, and S, are user-defined source terms.

Solution procedure

Numerical models are generated via the QBlade and Ansys Workbench software packages. First, airfoil selection
is performed. For this purpose, the QBlade software package is used to determine the lift-to-drag ratio C;/Cy
and interpret its values. In QBlade, further analysis is performed. For computational fluid dynamics (CFD)
simulation, a 2D geometry is created in the Design modeller, and meshing is performed in the Ansys mesh section.
The continuum simulations are based on the finite volume solution of the full two-dimensional NavierStokes
equations for air under ideal gas conditions. The CFD simulations are performed by solving the NavierStokes
equations. A grid-independent study is a critical process in which a mesh study must be performed before
adopting suitable mesh settings for the remaining simulations. In this study, adaptive remeshing is performed
on an airfoil with nodes and elements of three different sizes. Then, the required boundary condition is applied
for the initialization, and the simulations are performed. After comparing the data, a Weibull distribution study
is performed to identify locations that are suitable for installing wind turbines.

QBlade setup

In QBlade, all simulation objects and data are organized in a specific hierarchy to represent the fundamental
components of a comprehensive wind turbine simulation encompassing aerodynamics, hydrodynamics and
elasticity. The user defines aerodynamic parameters such as the Reynolds number and wind speed. QBlade
then interpolates the values between sections. The global blade parameters include the number of blades. The
distributed blade properties are categorized into basic and advanced aerodynamic blade properties. The basic
blade properties consist of the following: Position [m] indicates the position of the section along the pitch axis of
the blade, Chord [m] denotes the local chord length of the blade section, Twist [deg] represents the local twist of
the blade section, and Foil refers to the airfoil object used for that section. QBlade helps construct wind turbine
blades and analyse the power coefficient and power curves. The following sections provide a detailed explanation
of the set-by-step procedures used.

Foil selection

NACA foils such as NACA 0012, NACA 0018, NACA 4412, S1016, S1210, S1223 and SC20402 are randomly
selected and analysed in terms of the glide ratio C;/C,;*. Haseeb Shah et al. demonstrated how to apply a direct
method to design a small-scale wind turbine at a lower Reynolds number. The foil with the highest C;/C; values
has the highest performance. The graph clearly shows that the NACA $1210 has the highest C;/C; value of 59.1
at an 8.5°angle of attack. There are only a few airfoils that operate under low Reynolds number conditions, which
include S1210%. The $1210 airfoil has been proven to perform better than symmetric or nonsymmetric NACA
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Fig. 1. Glide Ratio.
NACA Foil Glide Ratio (C/Cy)

NACA 0012 38.36
NACA 0018 38.80
NACA 4412 54.74
NACA S1016 39.20
NACA §1210 59.10
NACA 51223 54.03
NACA SC20402 | 15.95

Table 1. (C;/C,) for all the NACA foils analysed at a Reynolds number of 100,000.

airfoils®”. However, a 2D analysis of $1210 under low Reynolds number conditions was performed for a small
turbine with a low Reynolds number and a high lift airfoil .

Hence, NACA S1210 is taken into consideration for the analysis in this research. A graphical representation
of the glide ratio obtained from the QBlade software package is shown in Figure 1.

The highest values of the glide ratio (C;/C,) obtained via QBlade analysis for all the analysed blades are
presented in Table 1.

Design analysis

To construct the blade of the wind turbine, an initial 2D analysis is performed. Michael S. Selig and Bryan D.
McGranaha® studied the aerodynamic effects on small-scale wind turbines for different foils at a Reynolds
number of 100,000. The 2D analysis is performed via the Q-Blade software package; hence, a Reynolds number
0f 100,000 is chosen. Once the blade is designed, a circular foil is created to fix the end of the blade.

Figure 2 shows the 2D representation of $1210 with a circular foil. After this, extrapolation of the lift and the
drag coefficients of the foil is performed at a polar angle of 360 degrees.

The extrapolation is performed via the Montgomerie method. The extrapolated graphs are shown
in Figure 3for both the lift coefficient and the drag coeflicient at a polar angle of 360 degrees. A study was
performed by*° in which the Montgomerie and Vieterna methods for extrapolation were compared, and both
methods were in good agreement with each other; hence, the Montgomerie method is chosen in this study. The
coefficients of the lift and drag graphs are obtained in QBlade for angles of attack ranging from -180° + 180°.
During the work progress of the wind turbine blade, the foil operates under or above the initial expected range;
hence, extrapolation is performed. At this time, the velocity and pressure distributions are analysed, which are
explained in the comparison of the results in the computational analysis section.

Chord and twist design analysis

The chord and the twist are considered when constructing wind turbine blades. Ali Alkhabbaz et al*!. described
various theoretical methods for determining the linear chord length and twist angles, and finite element analysis
and computational fluid dynamics investigations were conducted to examine the aerodynamic performance. The
calculated twist and chord length values are shown in Figure 4.
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Fig. 3. Extrapolation via the Montgomerie method at a polar angle of 360 degrees.

Mehmet Numan Kaya et al*2. studied forwards and backwards sweep blades for HAWTs with a blade span
of 0.9 m and determined the aerodynamic effects via CFD. To obtain the optimum aerodynamic design of the
blade, blade element momentum theory was applied!!26:43-45,

The calculated values are utilized in the QBlade software package by dividing the blade into 12 segments of
0.950 metres, and after optimization without any limit, the above designed blades are created. QBlade offers both
manual and automated blade design options to streamline the process. It can automatically position the thread
axis at the airfoil's maximum thickness and optimize the blade shape for the best twist angle on the basis of a
given tip speed ratio. The chord distribution can also be optimized according to Betz’s theories. Additionally,
the blade design can be scaled to a different size via various scaling methods, including position scaling and
twist and chord scaling. This provides a better power coefficient for the blade. Figure 5 shows a representation of
blades with irregular shapes that were designed in QBlade. These blade shapes are quite different from those of
standard blades; hence, Betz optimization is used. In this work, a blade with a length of 0.950 m is considered,
and the chord and the twist of the blade are designed via the Betz method. The Betz optimization method is
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Fig. 5. All blade designs from QBlade.

applied with a tip speed ratio of 7, and the angle of attack for the maximum C;/Cj is taken into consideration and
optimized, i.e., at 8.5 degrees, a maximum C;/Cyof 59.1 is obtained. The optimal tip speed ratio is 74 Thus, for
high-performing wind turbines, a tip speed ratio of 7 should be considered?’. A tip speed ratio (TSR) of 7 is often
used for 3-blade wind turbines. The TSR is the ratio of the tangential speed of the tip of a wind turbine blade to
the wind speed. It is an important factor in the design of wind turbines, as it directly affects the power generated.
The chord and twist are obtained after the optimization of the blade via the Betz method. The distributions of the
chord and twist angles from QBlade are presented in Figure 6.

The completely constructed blade is presented in Figure 7.

Power coefficient analysis

The generated blade is subjected to bending element analysis. Bending element analysis is performed to evaluate
the power coefficient and the power produced by a small-scale wind turbine. Small-scale wind turbines are
good power generators that are more compact and are installed in various places, from rural areas to developed
cities, where large wind turbines are unable to be installed due to the requirement of vast land areas. Small wind
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Fig. 7. Betz optimized blade design.

turbines with power coeflicient (C,) values of 0.25 perform better than large wind turbines do*®. The parameters
considered are a wind speed of 1.55 m/s, an air density of 1.176 kg/m‘;, and a maximum number of iterations
of 500. These values are obtained from the ideal gas and dynamic viscosity equations for air. Figure 8 shows a
graphical representation of the C, values obtained for all the above designed blades. Design 1 is the Ingram
model, Design 2 is the Jamieson model, Design 3 is the Hanson model, Design 4 is the Manwell et al. model,
and Design 5 is the Betz optimized model, whose corresponding C), values are presented in Figure 8. The Betz
optimized blade shows a superior value of the power coefficient C},, which is rated at 0.271 and is closer to the
required C,, value. Hence, further analysis is carried out.

Power curve analysis
In general, small-scale wind turbines usually have rated powers of 0.2510 kW. In this research, rated powers
from 0.25 kW to 10 kW are considered, and a better power range is identified from the graphs. This approach
provides insight into how the rated power is generated, and the power curves are obtained via the pitch and stall
methods. The values show that the rated power is optimized, and the values are compared to the stall conditions
and the Betz limits of C), = 0.593 and C,, = 1. This helps us understand the aerodynamic losses occurring in the
designed blade and indicates that more efficient blades are needed.

Figure 9 shows that at a wind power of 10 kW, more maintenance is needed since the power curve does not
stabilize at 10 kW. In the lower power curve regions, the power level stabilizes at very low wind speeds. For small
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wind turbines, for the power curve in the region from V,4cq to Veusory, the wind speed should be no less than
5 m/s*°. For the power curve in the 5 kW region, the wind speed is higher than 5 m/s. For further analysis, the
aerodynamic loss is studied with stall control and standard limits of the Betz function of C}, = 0.5 and C}, = 1.
Figure 10 shows the detailed analysis.

The aerodynamic loss is the distance from the pitch control and stall control conjugate region to the C, = 0.5
curve. In Figure 10(a), the aerodynamic loss is greater in the 0.25 kW region, whereas in Figures 10(b) and 10(c),
i.e, for 5 kW and 10 kW, the aerodynamic losses are much lower than those for 0.25 kW. For 10 kW, the
stabilization is not optimal, and greater maintenance is needed to stabilize it; hence, 5 kW is the optimal blade
power generation for this wind turbine analysis.

The influence of the air density is vital for understanding power generation; hence, the calculated power
and the power curve from the QBlade are analysed. Two density parameter values of 0.882 and 1.176 are taken
into consideration in the power law calculation. The graphs in Figure 11 clearly show that higher densities
correspond to higher power efficiency; hence, the wind turbine should be installed in a region of higher air
density. Such regions can be identified via Weibull distribution analysis.
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Design and mesh analysis for CFD

A 2D blade is designed in the Ansys designer by importing the blade coordinates from the air plotter in the same
way as the data file was imported for the blade analysis. The design modeller is used to create the foil from the air
plotter file and sketch the C-mesh domain. The fluid domain is created, and the boundary conditions, namely,
the velocity inlet and the outlet conditions at the pressure outlet, are established.

A 2D design is created and subjected to meshing. Meshing is performed via the Ansys meshing tool. The
mesh is created by bias conditioning, and a mesh convergence study is performed for three different types of
meshes with varying numbers of nodes and elements. Meshing is performed with Y plus values of less than 1. A
grid study is performed for the three meshes, and the convergence is examined. Table 2 shows the numbers of
nodes and elements created for meshes A, B and C.

Table 3 shows the values of the drag coeflicient C and lift coefficient C, obtained from the different meshes
for different angles of attack (AOA). The grid convergence data of the meshes for the physical parameters from
the Ansys Fluent are shown in Figure 12, which presents the results of the mesh convergence analysis. The
meshes A, B and C converge to one another for a better evaluation of the obtained values of the lift and drag
coefficients. The results of the mesh convergence study are shown in Figure 12, including Mach number graphs
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Mesh Nodes | Elements

Mesh A | 200900 | 200000

Mesh B | 303308 | 302000

Mesh C | 401700 | 400000

Table 2. Numbers of nodes and elements in the meshes.

AOA 0 AOA +10

Cp Cr Ch CrL

Mesh A | 0.054697 | 2.03401 | —0.52744 | —3.74563

Mesh B | 0.054497 | 2.02317 | —0.52665 | —3.73853

Mesh C | 0.054402 | 2.01699 | —0.52608 | —3.73392

Table 3. Comparison table for meshes with different numbers of nodes and elements for NACA S1210.
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and pressure coefficient graphs. All three meshes are in good correlation and converge to one another. Mesh
B is selected to obtain better convergence results. Mesh B is used for further computations, and the results are
obtained in Ansys Fluent software.

First, the structure of the mesh is described. After careful study, a final grid with 302000 elements and
303308 nodes is considered. The length of the domain is 15 m, and a c-shaped arc length of 7.5 m is taken into
consideration for the 1 m length of the airfoil chord. The boundary layer mesh is clearly shown in Figure 13.
Fig. 13 (a) shows the complete computational domain for mesh C. However, the mesh is highly dense at the
airfoil region, front leading edge and back trailing edge. The normal spacing at the wall is stretched at a Y4 value
of less than unity. The distance of the first grid node from the wall is 6.2793e-003 mm. To create a good quality
mesh, factors such as orthogonal quality and skewness are taken into consideration. An average orthogonal
quality of 0.97183 is obtained, which is great; usually, the best orthogonal quality is 0.951. An average skewness
of approximately 8.8638e-002 is obtained, and the best quality range for the skewness factor is 00.25. The naming
conditions are then determined, and a computational analysis is carried out.
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Computational analysis

The computations are performed via Ansys Fluent 2021 version R2. The mesh is updated in the Fluent solver,
and numerical solution is carried out using the standard K - w shear stress transport (SST) to account for the
turbulence effect.

Two air densities of 0.882 and 1.176 are taken into consideration, and the iterations are carried out at a low
velocity of 1.55 m/s. The iterations are well run, and the report file data for the lift coefficient, drag coefficient, lift
force and drag force values are determined for different angles of attack from —10° to 10°. This helps us to clearly
understand the effects of deviation in the graph, in comparison with the BEM analysis. The boundary layer is
clearly shown in Figure 14, which provides insight into the flow domain.

Figure 15 clearly shows the pressure distributions obtained via the QBlade and Fluent analyses with an angle of
attack of -8 for both the BEM and CFD analyses. From the BEM analysis, the pressure distribution is represented
by the red arrows, which indicate the greater influence of pressure on the foil, whereas the blue arrows indicate
the lesser influence of pressure. At a negative angle of attack, the pressure distribution is observed in the lower
region, and when the angle of attack reaches positive values, the pressure distribution is observed in the upper
region of the NACA foil.

Figure 16 shows the velocity distributions of the 2D airfoils from the blade for both the BEM and CFD
analyses at a positive angle of attack of 8. Both results show the distributions of the pressure and velocity. For the
pressure distribution, -8 AOA is considered, and for the velocity distribution, +8 AOA is considered to determine
the effects on the blade more clearly. A random AOA is chosen. Now, the values of the lift coe f ficientC; and
drag coeflicient C; are obtained, and data are plotted.

The Cj/Cyvalues are now compared with those of the BEM and CFD analyses. The experimental data
are obtained from the prediction pole at RE=100,000 from the air plotter database™. The values are shown
graphically in Figure 17. These findings indicate that all three sets of analytical data are relatively close to each
other. The BEM values are more promising than those of the CFD analysis since the BEM analysis is less complex
and much less time-consuming due to the fast iterations, whereas in the CFD analysis, the mesh convergence

Scientific Reports |

(2024) 14:26790 | https://doi.org/10.1038/s41598-024-78503-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Pressure Distributon

0.4

0.3

0.2

0.1

LI L i Gy,
RVSS ——
\ e

Tt
e

BT T 11 [ 1 e

Pressure (Pa): -1.6 -1.4-1.2 -1 -0.8-0.6-04-02 0 02 04 06 08 1 1.2

(a) pressure Distribu- (b) Pressure Distribu-

tion from BEM at -8 tion from CED at -8

AOA

AOA

Fig. 15. Comparison of the BEM and CFD Pressure distributions at -8 AOA.

study and computations are quite complex and highly time-consuming. However, the accuracy is better than
that of any other analysis. This makes the BEM analysis highly suitable for aerodynamic analysis of structured
blades.

Figure 18 compares the results of the CFD analysis with different air densities, which are the same as those
of the previous case. At a higher air density of 1.176, the lift coefficient value is higher, and will greater power is
provided. This CFD analysis shows how the BEM analysis has a clear effect on the CFD data. CFD simulations are
performed to demonstrate that high-density air corresponds to a relatively high glide ratio. The BEM and CFD
analyses are performed for the 2D versions but not for the 3D versions because the 3D simulations in the CFD
analysis would require more computational resources, and moreover, experiments are necessary to compare the
results, which will be conducted in the future. This will help us compare the 3D blade obtained from QBlade, and
the CFD simulations in Fluent will help us obtain a deeper understanding. Therefore, ensuring that the results
obtained from the BEM analysis are clear and show the higher-density air regions will facilitate the installation
of wind turbines. This provides insight into the Weibull distribution. The differences with the rotating blade will
be identified and their significance will be investigated in future research since these issues are important.

Weibull distribution
Daniel Micallef and Gerard Van Bussel®® studied the Weibull probability distribution functions (PDFs)
commonly used to characterize the wind speed magnitude frequency for different terrain types.

Table 4provides insight into the Weibull distribution and the K factors for different locations. Battisti et al®2.
explained that the statistical methods are usually adjusted by real density values of air at the installation location
and that corrections are made due to changes in pressure or temperature. The maintenance or availability of the
power grid is modified according to the performance of the system. The main disadvantage of this approach is
that it is based on statistical models of wind measurements and the manufacturer’s P-V curve (i.e., generated
power as a function of wind speed). These values are experimentally estimated in a wind tunnel with controlled
parameters. Hence, in this study, to find the region with the highest air density, a small Weibull density
distribution is used to clarify the distribution along with the wind speed.

The probability density function and cumulative distribution are studied for different k factors taken from
the table and with wind speeds of 1.5 m/s, 3 m/s and 4.5 m/s, as presented in Figures 19 and 20. This shows that
regions with higher air density in the Weibull distribution function should be taken into consideration, and wind
turbines should be installed. This can result in highly efficient power generation from the wind turbines. The
Weibull distribution provides a theoretical outline, but in practice, large amounts of data should be taken into
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consideration, such as data from wind stations or images from satellites for terrain location. Hence, the yearly
energy generation of wind turbines can be calculated. Other factors, such as climatic conditions, which play vital
roles, should also be considered.

The offshore and onshore energy produced can be evaluated via the Weibull distribution. The top five largest
wind energy producers in the world are the USA, China, Germany, India and Spain. This approach aims to reach
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Terrain Topology | K

Mountain area 1.2-1.7
Hills 1.8-2.5
Open areas 2.5-3.0

Coastal regions 3.1-35

Islands 3.5-4.0

Table 4. K factor values for different terrains’’.

0 0.47
:
1 0.35
0.8 i
g 4 5] g0 7
=3 I & o4 & Al
Eon E o Eo. Al
g o - ] g A \'
£ g & ]
g 1] z El f
H ¢ H H o
g H s /’L \\
PR A z zo ¢
5 P £ o021\ £ N !
R | t 2 : L
£ A 1 L g £ 01y
E i £ ] £
0. ! | ]
¥ B 0.054- 1 \
o » ] K 1/ W
\ o] R S EEEEEE Eemma =
5 10 15 21 25 30 10 15 20 25 30 5 10 15 20 25 30
wind speed (m/s) wind speed (m/s) wind speed (m/s)
(a) Probability Distribution Func- (b) Probability Distribution Func- (c) Probability Distribution Func-

tion at 1.5m/s tion at 3m/s tion at 4.5m/s
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a relatively high energy yield from offshore wind turbines. The targets set to be achieved by 2030 are 90 MW for
China; 30 MW for the USA, Germany and India; and 3 MW for Spain®’.

A geographical representation is shown in Figure 21, which shows all five nations with the expected wind
energy targets to be achieved by 2030. This will facilitate understanding of the most suitable geographical
conditions of offshore regions on the basis of the Weibull k factor and aid in the identification of ideal locations
for wind turbine installation. The energy produced from 2019 to 2021 is shown in Table 5.
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Fig. 21. Offshore wind energy targets of the top five nations in terms of wind energy production.

Country | 2019 2020 2021
Spain 25,742 26,819.20 | 29,043
India 35,625.97 | 37,693.75 | 39,247.05

Table 5. Energy produced in megawatts (MW) from 2019 to 2021°+>,

Figure 22 shows geographical representations of two nations with widespread coastal areas. These areas
can be explored with latitude and longitudinal values, which can help ensure the installation of onshore wind
turbines and facilitate the achievement of the fixed targets for wind energy production by 2030.

Conclusions
In this research paper, a detailed study on the optimal design of a horizontal-axis wind turbine is presented. In
addition, a 2D comparison of the BEM and CFD analyses is presented, along with a power analysis from the
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QBlade software package. In QBlade, a design can be constructed with less effort than via CAD, the blade can be
exported to the CFD software, and aerodynamic analysis can be performed. The power curves clearly show that
the aerodynamic effects of blades of small-scale wind turbines can be examined and that more efficient power
systems can be generated. The SST k - w turbulent flow model yields satisfactory results, and the lift coefficient
(C1) and drag coefficient (C;y) were analysed for the S1210 airfoil. The C;/Cy values from the 2D BEM and CFD
analyses are related, and a significant impact on the contours was observed in the CFD analysis. CFD analysis
is time-consuming and requires higher computational costs to obtain better simulation results. However, 3D
comparisons will be performed in future studies. The power curves from the blade analysis from QBlade provide
sufficient values for understanding the effects of the wind speed on the designed wind turbine blade. The Weibull
distribution shows how the impacts of the K and C factors vary from region to region and how potential universal
areas with standard K and C values can be created with the designated regions. This will help us evaluate regions
with higher pressure densities and cooler air regions in terms of climatic conditions. With the data obtained from
this paper, further studies on the load evaluation of blades are needed to understand the use of finite element
analysis and fluidstructure interactions. Turbine simulation, turbine wind speed generation and wave generation
can be studied, along with the annual energy production (AEP) of the wind turbine. After this, 3D printing is
suggested for evaluating real-time wind turbine blade production, and wind tunnel testing can be conducted for
comparison. This will provide data on the yearly wind energy produced at the location, which can be compared
with other Weibull distribution data from various literature sources. This Weibull distribution will give us a
mean speed or a wind speed throughout the year, and a comparison of the data will guide the establishment
of universal standards for the Weibull distribution. Hence, different locations from the two countries will be
selected, and a geospatial analysis will be conducted to find an ideal location for wind turbine installation.
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