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Abstract: In this article, the behavior of the thrust force on the blades of a 10 kW wind turbine was
obtained by considering the characteristic wind speed of the Isthmus of Tehuantepec. Analyzing
mechanical forces is essential to efficiently and safely design the different elements that make up the
wind turbine because the thrust forces are related to the location point and the blade rotation. For
this reason, the thrust force generated in each of the three blades of a low-power wind turbine was
analyzed. The angular position (6) of each blade varied from 0° to 120°, the blades were segmented (r),
and different wind speeds were tested, such as cutting, design, average, and maximum. The results
demonstrate that the thrust force increases proportionally with increasing wind speed and height,
but it behaves differently on each blade segment and each angular position. This method determines
the angular position and the exact blade segment where the smallest and the most considerable thrust
force occurred. Blade 1, positioned at an angular position of 90°, is the blade most affected by the
thrust force on P15. When the blade rotates 180°, the thrust force decreases by 9.09 N; this represents
a 66.74% decrease. In addition, this study allows the designers to know the blade deflection caused
by the thrust force. This information can be used to avoid collision with the tower. The thrust forces
caused blade deflections of 10% to 13% concerning the rotor radius used in this study. These results
guarantee the operation of the tested generator under their working conditions.

Keywords: thrust forces; power generation; wind turbine blades; blade section; renewable energy

1. Introduction

The rotor of a wind turbine is the first energy converter. It converts the wind kinetic
energy into mechanical energy through the rotor blades. Rotor design affects power yield,
power conversion efficiency, loading, and dynamic stability of a wind power generation
system [1]. The function of the blades is to capture a higher amount of kinetic energy and
convert it into rotational energy; moreover, the blade geometry is vital to generate lift.
When the wind affects the blade surface, a pressure difference is generated between the
intrados and the extrados, generating lift. Given the natural movement of the rotor, the
blades are affected by different aerodynamic loads due to the stochastic forces that occur
because of wind turbulence [2]. Rotor power is directly related to the forces generated by
the blades. The resultant of the force depends on the interaction between wind speed and
blade rotation speed. This force is divided into tangential and axial forces (axial force, also
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called thrust forces). The magnitudes of these forces are calculated in sections which are
divided depending on the length of the blade; in wind turbines of 10 kW power, these can
be assumed to be 15 to 30 sections, starting from 15 to 20% of the rotor radius and ending
at the blade tip [3].

The thrust force (T,e) can be defined as the force in the direction of the current
resulting from the pressure drop on the rotor and is used to reduce the wind speed [4]. The
amount of thrust depends mainly on three factors: the geometry of the blade and material
used in its manufacture, the wind speed, and the wind direction. Wind shear has also been
shown to reduce mean rotor thrust. The wind shear and the wind tower shadow cause
thrust variations that oscillate with the pitch frequency of the blades; however, the effect
of wind shear is small compared to the effect of the wind tower shadow [5]. Another way
of expressing the thrust force is through the thrust coefficient, which is a dimensionless
number that compares the axial force exerted on the flow by the wind turbine with the
incoming momentum of the flow [6]. The total thrust force over the entire length of
the blade can be calculated with the following procedure. The blade can be sectioned
into small elements, and the aerodynamic forces for each section are calculated for each
element [7]. The thrust force is one of the aerodynamic loads of most significant interest.
It is a fundamental concept in the design and operation of wind turbines [8]. Noppe
proposes a thrust load reconstruction technique and neural network analysis [9]. On the
other hand, Huang et al. propose a methodology to analyze the thrust force of blades in a
wind tunnel [10]. The relevance of the thrust is not only because it interferes in the wind
turbine rotor, but also because this force is transmitted to the tower, the support structure,
and other components, such as the bearings that support radial and axial loads, causing
vibrations with a consequent increase in fatigue, so the thrust force must be included in
the design of the tower and the foundations. For these reasons, the thrust force must be
considered for the aerodynamic and structural design of blades and other wind turbine
components [11-17]. There are mainly three aerodynamic methods for wind turbine rotor
design to analyze the blade thrust force: Blade Element Momentum (BEM), Computational
Fluid Dynamics (CFD), and Vortex-based model. The methods used in studies related to
blade design to analyze the blade thrust force are presented in Table 1.

Table 1. Methods used in studies related to blade design to analyze the blade thrust force.

Reference

Method Used Software Power Results and Limitation

[18]

[19]

[20]

[21]

[22]

BEM

BEM, CFD

BEM

CFD, BEM, GAs (Genetic
Algorithms)

Inertial measurement

unit (IMU)

Analyzed only the tip
and root section.
Summary of the various
state-of-the-art models.
This work only focused
on the aerodynamic

BEM algorithm IEA 15 MW thrust and did not
consider
blade deformation.
Designed and optimized
the blade; however, 3D
MATLAB, ICEM-CFD (2022) 5 KW CFD numerical
simulations were not
performed.
This method was used to
perform a robust and
OpenFAST simulations (V2.5.0) NREL 5 MW, IEA 15 MW reliable real-time
reconstruction of
blade deflection.

Q-Blade (2013) -

CFD, EllipSys2D (V16.0) IEA 10 MW

Due to its importance in research, we thus studied the behavior of the thrust force on
a 10 kW nominal power wind turbine, designed and built in the wind energy laboratory of
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the Universidad del Istmo. For its analysis, four analyses were considered: thrust force on
point P15 with variable angular position (¢) and average wind speed (V};); thrust force on
point P15 with constant angular position and variable wind speed; thrust force on points
P1 to P15 with constant angular position and average wind speed; and thrust force on
points P1 to P15 with constant angular position and variable wind speed. The variable
wind speeds were average speed (V;;,), design speed (V;), generation output speed (V5s),
and maximum speed (Vj4x). All these procedures were implemented in an algorithm to
facilitate the study of the thrust force on each blade section in the wind conditions of a given
location. In this study, BEM is used to analyze the thrust force on the blades. The azimuthal
angle of the blade and the effect of the vertical wind profile are taken into account for the
thrust force. The thrust force is of great interest due to the deflection that can occur in the
blade and that can avoid collision with the tower.

The paper is structured as follows: In Section 2, the characteristics of aerodynamics and
the main fundamentals of the wind resource are presented. In Section 3, the methodologies
of the different analyses are described. In Section 4, the results are shown; in Section 5, the
results are discussed; and in Section 6, the conclusions are mentioned.

2. Aerodynamics Fundamentals
2.1. Rotor Frame

Figure 1 shows the rotor reference frame and the blade rotation by varying the angular
position (f) from 0° to 120°.

2.2. Aerodynamic Thrust

The aerodynamic thrust force that passes through the swept area of the rotor is given
by Equation (1):

Toro (1) = 50A(V(0)Cr (A, ) 1)

where p is the air density, A is the swept area of the rotor, V (t) is the wind speed, A is the
specific design speed, B is the pitch angle, and Cr is the thrust coefficient. The total thrust
force on the rotor is the sum of the thrust force of each blade. In addition, the thrust force
of each blade is obtained by adding the force of each section (Equation (2)):

3 15
Tﬂero(t> = 2 2 Tn,s(t) (2)

n=1s=1

where T () is the total thrust force, T, s(t) is the thrust force by section, n is number
blade and s is number section by blade.

From the blade design data, the thrust coefficient Ct (A, ) is calculated using
Equation (3) [23]:
S )
= (
where Cy, is the power coefficient that is a function of the specific design speed (A) and the
pitch angle (B), for which the C, is calculated using Equations (4) and (5) [23]:

Cr

151 —184
Cp =073 % — 0.588 — 0.002p>1* — 13.2|¢ % (4)

o 1 —0.003 (5)

where A; is the local specific velocity.
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Figure 1. Rotor reference frame.

2.3. Wind Shear

A significant phenomenon in wind resource assessment and wind turbine design is
the increase in wind speed with height, as shown in Figure 2. This phenomenon is because
the roughness of the Earth’s surface and the surface obstacles slow down the low-altitude
wind. This variation in wind speed with height above the ground is often called the vertical
wind profile. There are two general methods for modeling the vertical profile of wind
speed: the logarithmic profile method and the power law method [24].

780 — > o Blade — 9g5
E Nacelle
§ 762 ——> — 25.00 E
5 B
‘D
s
741 ——> — 21.85
Tower L_| L— 0.00

Figure 2. Vertical wind profile variation in the wind turbine.

The model used to obtain the vertical wind profile is the power law model, which was
proposed by Hellmann in 1915. See Equation (6) below [24]:

Vi = Vi (;Z) (6)

where « is the roughness exponent of the ground; / is the desired height, which in this case
is considered the height of the wind turbine hub; V}, is the wind speed at hub height (h);
and h is the given height.
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Equation (7) [24] is obtained by transforming Equation (6) to the reference frame of
Figure 1:

V(r,0) =V, (“:OS;WZ) = V(1 + Ws(r,0)) )

where V}, is wind speed at hub height, & is hub height, W; is wind shear shape, r is radial
distance from rotor axis, and 6 is azimuthal angle.

2.4. Tower Shadow

The presence of the tower alters the local wind field. When the wind flow through
the tower, the magnitude and direction of the wind vector vary due to the change in
airflow distribution. This effect is called tower shadow, which, in turn, causes a periodic
decrease in thrust that fluctuates with the pitch frequency of the blade when facing the
tower. Equation (8) is used to determine the wind field near the tower [24]:

2 _x2
oo =1+ i) ®

The term vy is the observed disturbance in the wind speed due to the shadow of the
tower, V| represents the mean space speed of the wind, a is the radius of the tower, y is the
lateral distance from the blade to the mean line of the tower, and x the distance from the
origin of the blade to the midline of the tower. The disturbance can be modeled using the
potential flow theory for the behavior of the wind around the tower [25].

2.5. Stochastic Thrust Variations

Short-term wind variations are called turbulence since they are usually associated
with wind gusts that change both speed and direction. A good measure of the level of
turbulence can be determined by Equation (9):

oy
I=— 9
7 ©)
where oy is the standard deviation of the wind fluctuations and Vj is the mean wind speed.
Turbulence intensity depends on surface, roughness, and local weather effects; therefore, it
is a site-specific parameter.

2.6. Thrust Force on Each Segment of the Blade
The thrust force on each section of the blade is determined by Equation (10):

Ton = Taero + (PVZACTdV) (10)

where Tg. is the thrust induced on the rotor, Cr is the thrust coefficient, and 4V is the
difference between the wind speed in each section and the extrapolated wind speed. The
total thrust force is the sum of the thrust force on each blade; see Equation (11) below:

Ttotal =Ty + T+ Ts (11)

3. Materials and Methods

The aim of this work was to seek an understanding of the operating behavior of
the blades for a 10 kW generator with the wind resource conditions of the Isthmus of
Tehuantepec, Oaxaca, Mexico. Our methodology was the use of four analyses of the thrust
force as a function of the angular position at the points of application (P1 to P15). In the
first analysis, the average wind speed on P15 and the variation of the angle position of
each of the three blades were considered when the wind turbine was in operation for a
360° rotation. In the second analysis, the static position of each of the three blades of the
wind turbine and variable wind speed were considered to obtain the thrust force on P15.
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The angular positions of each blade were 90°, 210°, and 330°, whereas the variable wind
speeds were Vy,;, Vy, Vs, and Vyy. In the third analysis, the static position of each of the
three blades of the wind turbine and the average wind speed were considered to obtain the
thrust force on P1 to P15. Finally, the static position of each of the three blades of the wind
turbine and variable wind speeds were considered in the fourth analysis of the thrust force
on P1 to P15. Figure 3 shows the proposed methodology.

Rotor characteristics
Wind characteristics

| Segment the blade into 15 parts |
3

Calculation of the vertical wind profile (Extrapolation) |

Second analysis Third analysis

Set the angular position of each Set the angular position of each

Fourth analysis

Set the angular position of each

First analysis

Set the angular position of each

blades at 90°, 210°,

and 330°

blades at 90°, 210°, and 330°

blades at 90°, 210°, and 330°

blades at 90°, 210°, and 330°

T : I I
- " Keep the wind turbine in a static n — n
| Rotate the wind turbine at an | position Keep the wind turbine in a static Keep the W":i:tzs:e ina static
average wind speed (V;,) atvariable wind speeds (Vn, Vg, pos|t.|on at variable wind speeds (V, i,
J Vs, and Vpay) at an average wind speed (V) and Vo)
‘max.
1 1

Obtain the thrust force on P15 of
each 10° of angular variation

| Obtain the thrust force on P15 | Obtain the thrust force on P1 to

Obtain the thrust force on P1 to
P15

P15

Figure 3. General methodology.

Table 2 shows the essential parameters of the 10 kW wind turbine. In its design process,
the blade was divided into 15 sections [26], and the application points of the thrust forces
were located at the midpoint of each section, obtaining 15 application points (P1, ..., P15)
as shown in Figure 4. This blade was designed according to the IEC 61400-2 standard on
small wind turbines [27]. Also, Table 3 shows the geometrical parameters of the blade and
the coordinates of the thrust force application points of 10 kW wind turbine blades.

Table 2. Data of the 10 kW wind turbine.

Description Value Units
Rated power (Pn) 10,000 W]
Radius (R) 3.245 [m]
Number of blades (B) 3 [-]
Average speed (Vi ) 7.62 [m/s]
Generation start speed (V; ) 3 [m/s]
Generation output speed (V; ) 22.86 [m/s]
Design speed (V) 10.92 [m/s]
Rated generation speed (1, ) 250 [rpm]

Table 3. Application point coordinates on the blade and geometric data of 10 kW wind turbine blades.

Geometric Data Application Point Coordinates

Sections
Local Radio [m] Chord [m] Pitch Angle [°] Axis X [m] Axis Y [m]
Root 0.112 0.178 0.0
0.267 0.178 0.0
Section 1 0.465 0.330 149 - -
P1 - - - 0.553 —0.076
Section 2 0.641 0.316 13.9 - -
P2 - - - 0.729 —0.073
Section 3 0.816 0.302 129 - -
P3 - - - 0.904 —0.069
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Table 3. Cont.

Secti Geometric Data Application Point Coordinates
ections Local Radio [m] Chord [m] Pitch Angle [°] Axis X [m] Axis Y [m]

Section 4 0.992 0.287 11.9 - -

P4 - - - 1.080 —0.066
Section 5 1.168 0.273 10.9 - -

P5 - - - 1.256 —0.062
Section 6 1.343 0.259 9.9 - -

P6 - - - 1.431 —0.059
Section 7 1.519 0.244 8.9 - -

P7 - - - 1.607 —0.056
Section 8 1.695 0.230 7.9 - -

P8 - - - 1.783 —0.052
Section 9 1.870 0.216 6.9 - -

P9 - - - 1.958 —0.049
Section 10 2.046 0.201 6.0 - -

P10 - - - 2.134 —0.046
Section 11 2222 0.187 5.0 - -

P11 - - - 2.310 —0.043
Section 12 2.397 0.173 4.0 - -

P12 - - - 2.485 —0.039
Section 13 2.573 0.159 3.0 - -

P13 - - - 2.661 —0.036
Section 14 2.749 0.144 2.0 - -

P14 - - - 2.837 —0.033
Section 15 2.924 0.130 1.0 - -

P15 - - - 3.012 —0.030

Figure 4. Thrust force application point on the blade.

3.1. Wind Profile

Wind speed data, recorded every second and averaged every ten minutes for one year,
were used to study the wind resource. The wind speed sensors were the Wind-Sensor P2546A
model calibrated by Svend Ole Hansen ApS. For the calibration of the sensors, the wind
tunnel procedures and requirements set out in IEC 61400-12-1:2017 were followed [28], and
these were installed at 20 m, 40 m, 60 m, and 80 m height on the anemometric tower M4, as
shown in Figure 5. The tower is located at the Regional Wind Technology Center in the state
of Oaxaca with the coordinates latitude 16°32/49.27"" N and longitude 94°57'20.83" W [29].

An algorithm was developed in MATLAB for the analysis of the wind resource. This
algorithm extrapolates the wind speed to determine the average speed, design speed,
maximum speed, and operating output speed.
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Figure 5. Meteorological tower, 80 m (M4).

3.2. First Analysis: Thrust Force on P15 with Variable Angular Position and Average Wind Speed

In the first analysis, the behavior of the thrust force was studied when the average
wind speed of 7.62 [m/s] occurred. The starting positions of each blade were as follows:
the first blade started at 90°, the second at 210°, and the third at 330°, as shown in Figure 6.

Figure 6. Thrust force application point on the blade, P15.
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When the wind turbine is in operation, its three blades rotate clockwise. So its angular
position, referenced as a Cartesian plane, begins to change at each instant of time. For this first
analysis, the complete rotation is considered at 360°, whereby intervals of 10° are analyzed.

3.3. Second Analysis: Thrust Force on P15 with Constant Angular Position and Variable
Wind Speed

In the second analysis, the behavior of the thrust force on the three wind turbine
blades was analyzed with static angular positions of 90°, 210°, and 330° for each blade,
and variable wind speeds were tested. These values were V;;, =7.62m/s, V; =1091 m/s,
Vs =22.86 m/s, and V0 =26.76 m/s.

3.4. Third Analysis: Thrust Force on P1 to P15 with Constant Angular Position and Average
Wind Speed

The thrust force was calculated at each of the 15 blade application points while
considering static angular positions of 90°, 210°, and 330° for each of the three blades. In
this analysis, only V;,; of 7.62 m/s was considered.

3.5. Fourth Analysis: Thrust Force on P1 to P15 with Constant Angular Position and Variable
Wind Speed

The thrust force was calculated at each of the 15 blade application points while
considering variable wind speed and static angular positions of 90°, 210°, and 330° for each
of the three blades. The variable wind speeds were V; =10.91 m/s, Vi = 22.86 m/s, and
Vinax =26.76 m/s.

4. Results

In this section, the results are presented in a detailed manner. Key observations and
insights derived from the analysis are highlighted.

4.1. Wind Profile

Figure 7 shows the histogram of wind speeds obtained from meteorological station
M4. The data are extrapolated to a height of 25 m, the height where the wind turbine
hub is located. The histogram is fitted with the Weibull probability density function,
which corresponds to the maximum likelihood. Furthermore, it considers a shape factor of
k =1.81, a scale factor of c = 6.81 m/s, and an average speed of 7.62 m/s.

5 -
I Frequency
Maximun Likehood
4 -
g
g 3
Q
=
2
g 2
&3
1
0 . .
5 10 15 20 25 30

Wind Speed (m/s)
Figure 7. Weibull probability density of average speeds at 25 m elevation.

The average wind potential speed in the site area (M4) are measured and extrapolated
to a height of 25 m; at this height, the hub of the 10 kW wind turbine is located. The mean
wind speeds are shown in Figure 8 for each month of the year 2018.
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Mean Wind Speed (m/s)

Figure 8. Average wind speeds for each month of the year 2018 at 25 m elevation.

20
—80m
—60m
15
10
O 1 1 1 1 1 1 1 1 1 1
Jan Feb Mar Apr May Jun Jul Aug  Sep Oct Nov  Dec
Months

4.2. First Analysis: Thrust Force on P15 with Variable Angular Position and Average Wind Speed

Thrust force (N)

Figure 9 presents the simultaneous change in the thrust force on the three blades when
the wind turbine is in operation. Table 4 summarizes these values.

==Blade 1
Blade 2
Blade 3

4 i ; ; ; ; ; ;
0 50 100 150 200 250 300 350
Angle (°)
Figure 9. Thrust force on the three blades for 360° rotation.
Table 4. Thrust force on P15 with variable angular positions.
Angular Angular Angular
Degree [°] Position [°] FIr}lzuFI:I] Position [°] FIr};u[sl:I] Position [°] Thrust Force [N]
Blade 1 Blade 2 Blade 3
0 90 13.62 330 6.95 210 6.65
10 80 13.56 320 6.27 200 7.69
20 70 13.37 310 5.67 190 8.47
30 60 13.06 300 5.19 180 9.26
40 50 12.63 290 4.82 170 10.04
50 40 12.1 280 4.6 160 10.79
60 30 11.48 270 4.53 150 11.48
70 20 10.79 260 4.6 140 12.1
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Table 4. Cont.

Angular Angular Angular
Degree [°] Position [°] FI:L?[SI:I] Position [°] FI:Z?[SI:I] Position [°] Thrust Force [N]

Blade 1 Blade 2 Blade 3
80 10 10.04 250 4.82 130 12.63
90 360 9.26 240 5.19 120 13.06
100 350 8.47 230 5.67 110 13.37
110 340 7.69 220 6.27 100 13.56
120 330 6.95 210 6.95 90 13.62
130 320 6.27 200 7.69 80 13.56
140 310 5.67 190 8.47 70 13.37
150 300 5.19 180 9.26 60 13.06
160 290 4.82 170 10.04 50 12.63
170 280 4.6 160 10.79 40 12.1
180 270 4.53 150 11.48 30 11.48

4.3. Second Analysis: Thrust Force on P15 with Constant Angular Position and Variable
Wind Speed

The behavior of the thrust force on the three wind turbine blades at variable wind
speed and with the static positions are shown in Table 5.

Table 5. Thrust force on P15 with variable wind speed.

Speed Thrust Force [N]
[m/s] Blade 1 Blade 2 Blade 3
0 =90° 0 =210° 0 =330°
Vin 7.62 11.85 6.04 6.04
\Z 10.91 2791 14.23 14.23
Vs 22.86 122.57 62.51 62.51
Vinax 26.76 167.83 85.6 85.6

4.4. Third Analysis: Thrust Force on P1 to P15 with Constant Angular Position and Average
Wind Speed

Table 6 and Figure 10 show the behavior of the thrust force on each segment of the
three blades.

Table 6. Thrust force on the 15 sections of the three blades.

Thrust Force [N]

Sections Blade 1 Blade 2y 3
0 =90° 0 =210°and 330°
P1 11.9017 11.9017
P2 11.9019 11.9016
P3 11.9092 11.8978
P4 11.9643 11.8696
P5 12.1364 11.7812
P6 12.4622 11.6129
P7 12.95 11.3598
P8 13.5519 11.0455
P9 14.2046 10.7026
P10 14.8822 10.3442
P11 15.5351 9.9962

P12 16.1417 9.6701
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Table 6. Cont.

Sections

Thrust Force [N]

Blade 1 Blade2y3
6 =90° 6 = 210°and 330°
P13 16.7009 9.3668
P14 17.2082 9.0889
P15 17.6654 8.8358
40
35 -©-Blade |
~©-Blade 2 - Blade 3
30 —Full thrust

()
wn

Thrust force (N )

N

Pl P2 P3 ps Po
P7 P8 P9 PIO PIl P12 PI3 Pl4 PIS
Nﬂ\e\e_
0.5 | 1.5 2 2.5 3

Radio (m)

Figure 10. Thrust force on the 15 sections of the three blades.

4.5. Fourth Analysis: Thrust Force on P1 to P15 with Constant Angular Position and Variable

Wind Speed

Table 7 shows the results of the thrust force experienced by each blade under the

speeds mentioned above.

Table 7. Thrust force on the 15 sections of the three blades with variable wind speed.

Thrust Force [N]

Sections 0 = 90° 0 = 210° and 330°

Vd Vs Vinax Vd Vs Vinax
P1 19.37 85.05 116.46 19.37 85.05 116.46
P2 19.37 85.05 116.46 19.37 85.05 116.46
P3 19.38 85.09 116.51 19.36 85.03 116.43
P4 19.45 85.39 116.92 19.33 84.87 116.22
P5 19.66 86.34 118.22 19.22 84.39 115.55
P6 20.08 88.18 120.75 19 83.43 114.25
P7 20.71 90.94 124.52 18.67 82 112.29
P8 21.49 94.36 129.21 18.27 80.21 109.83
P9 22.35 98.14 134.38 17.81 78.22 107.11
P10 23.24 102.04 139.72 17.34 76.16 104.28
P11 24.1 105.83 144.92 16.88 74.13 101.51
P12 2491 109.37 149.76 16.45 72.22 98.9
P13 25.65 112.65 154.25 16.04 70.44 96.46
P14 26.34 115.64 158.35 15.67 68.79 94.2
P15 26.94 118.31 162.01 15.33 67.31 92.17

5. Discussions

This section analyzes and discusses the results obtained in Section 4.
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5.1. First Analysis: Thrust Force on P15 with Variable Angular Position and Average Wind Speed

From Table 4, it can be seen that the initial thrust force of blade 1 is 13.62 N and it
occurs at an angular position of 90°. Blade 2 has an initial position of 330° with a thrust
force of 6.95 N, and blade 3 has an initial position of 210° and presents the same thrust force
as blade 2 (6.95 N). When the wind turbine starts operating and rotates its first 10°, the
blades change their positions on the Cartesian plane; blade 1 is positioned at 80°, blade 2 at
320°, and blade 3 at 200°. The thrust force decreases on blades 1 and 2 to 13.56 N and 6.27 N,
respectively, while on blade 3, the force increases to 7.69 N. When blade 1 turns by 30°, it is
positioned on the Cartesian plane at 60°, thus presenting a thrust force of 13.06 N. When
blade 2 turns by 30°, it is positioned on the Cartesian plane at 300° with a thrust force of
5.19 N, and for blade 3, it is positioned at 180° with a thrust force of 9.26 N. When rotating
a total of 60°, blade 1 is located at an angular position of 30°, and the thrust decreases to
13.06 N, while blade 2 is located at an angular position of 270°. In this position, the thrust
decreases to reach its minimum value of 4.53 N, and blade 3 reaches the angular position of
150°, where the thrust force on this blade increases to 5.19 N, presenting the same thrust
force as on blade 1. When blade 1 rotates 120°, it reaches the angular position of 330° and
the thrust force decreases to 6.95 N. When blade 2 is positioned at 210°, it has the same
thrust force as blade 1 (6.95 N). While blade 3 reaches the 90° angular position, its thrust
force reaches the maximum value of 13.62 N, and the cycle starts again.

5.2. Second Analysis: Thrust Force on P15 with Constant Angular Position and Variable
Wind Speed

Table 5 shows that for V,;;, the maximum thrust force of blade 1 in P15is 11.85 N, and
for blades 2 and 3, it decreases to 6.04 N. This variation represents a difference of 5.81 N,
equivalent to a decrease of 49.02%. For V;;, which is the nominal power that the wind
turbine reaches for the thrust force on blade 1, it presents a value of 27.91 N, and on blades 2
and 3, the thrust force decreases to 14.23 N; this represents a decrease of 49.01%. In the
case of Vi, the thrust force on blade 1 is 122.57 N, which, compared with the thrust force at
average wind speed, represents an increase of 90.33%. For blades 2 and 3, the thrust force
decreases to 62.51 N. For V,,x, the thrust force that occurs on blade 1 is 167.83 N which,
compared with the thrust force that occurs at average wind speed, represents an increase
of 92.93%. For blades 2 and 3, the thrust force decreases to 85.60 N.

5.3. Third Analysis: Thrust Force on P1 to P15 with Constant Angular Position and Average
Wind Speed

Figure 10 and Table 6 show that blades 2 and 3, whose angular positions are 210° and
330°, respectively, present the same behavior in each of their segments because both blades
are located at the same height. The section with the higher thrust force is closest to the
origin of the same P1 with a value of 11.9017 N. The lowest thrust force is found in P15,
with 8.8358 N. These variations represent a difference of 3.0659 N, equivalent to an increase
of 25.76%. On blade 1, whose angular position is 90°, the behavior of the thrust force is
different; the section with the higher thrust is the closest to the tip of the blade. P15 is where
it reaches the maximum value of 17.6654 N, and P1 is where the lower value of the thrust
force of 11.9017 N is presented. Therefore, the range of variation of the thrust force on this
blade is 5.7637 N, equivalent to an increase of 32.62% of the thrust force on P1 concerning
that which occurs in P15.

5.4. Fourth Analysis: Thrust Force on P1 to P15 with Constant Angular Position and Variable
Wind Speed

Table 7 shows that the maximum thrust force (162.01 N) occurs in section P15 of the
blade with a 90° position, obtained at the maximum wind speed (26.76 m/s). While at the
same wind speed of 26.76 m/s, the lowest thrust force is 92.17 N; this thrust occurred in
section P15 of the blades, with angular positions of 210° and 330°.
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6. Conclusions

In this research, an algorithm was proposed to calculate the thrust force according to
the angular position and the segments of each of the three blades of a 10 kW wind turbine.
When the rotor is in a static position (see Figure 6), blade 1 is the blade most affected by the
thrust force in P15. In other words, blade 1 has an initial angular position of 90°; this thrust
force is 13.63 N. When the blade rotates 180°, this thrust force is 4.53 N; this represents a
66.74% decrease. Meanwhile, blade 2 and blade 3 have an angular position of 330° and
210°, respectively, and they are rotated 180°. Then, the thrust force changes from 6.95 N to
11.48 N; this represents a 39.45% increase.

In addition, the proposed method calculates the thrust force that occurs in each blade
segment, which allows a qualitative understanding of the progressive increase in the thrust
force along it; this increase occurs differently from one segment to another, depending on
the position of the blade.

Blades are elements that are subjected to various types of loads. This type of load
generates thrust force along the entire length of the blade. This thrust force causes the blades
to deflect during operation, and this deflection can cause a collision with the wind turbine
tower. The proposed method helps to predict the deflection behavior due to the thrust force
applied to the blade. The thrust forces caused blade deflections of 10% to 13% with regard
to the rotor radius used in this study. These results guarantee the operation of the 10 kW
generator under the working conditions of the Tehuantepec isthmus, Oaxaca. Thrust forces
can be used in future studies of stress—strain in blades.
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Abbreviations

Symbol Description Symbol Description
Taero Thrust force induced on the rotor [N] a Radius of the tower [m]
Vin Average speed [m/s] I Turbulence intensity [-]
Cp Power coefficient [-] k Shape parameter [-]
Cr Thrust force coefficient [-] c Scale parameter [m/s]
A Swept area of the rotor [m2] Vo Mean wind speed [m/s]
Vi Wind speed at hub height [m/s]

. . . Difference between the wind speed in each section
Vin Wind speed at a given height [m/s] av and the extrapolated wind speed [m/s]
Zo Roughness length [m] Tiotal Sum of the thrust force on each blade [N]
e Wind speed due to the shadow of the tower [m /s] o Distance from the root of the blade to the position of

the first profile [m]

Vy Design speed [m/s] R Rotor radius [m]
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Vs Generation output speed [m/s] 0 Azimuthal angle [°]
Vinax ~ Maximum speed [m/s] P Airdensity [kg/m3]
Tn(t)  Thrust force given by the blade [N] A;  Local specific speed [-]
h Hub height [m] A Specific design speed [-]
hq Given height [m] B Pitch angle [°]

Lateral distance from the blade to the mean line of the
y tower [m] «  Ground roughness [-]

Distance from the origin of the blade to the midline of

X oy  Standard deviation of the wind fluctuations [-]
the tower [m]
Wi Wind shear shape function [m/s] r Radial distance from rotor axis [m]
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