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Abstract 

This work focuses on the study and analysis of bladeless wind turbines (BWT) as an alternative to 

operating vertical-axis wind turbines (VAWT) and horizontal-axis wind turbines (HAWT). A 

mathematical analysis of the BWT oscillation under wind force allows the development of specific 

mathematical expressions for the oscillation speed and BWT mast displacement at any height. The 

oscillation movement is submitted to a Strouhal constant number condition, resulting in an algorithm 

that allows the determination of the BWT mast profile to maintain a constant vortex shedding oscillation 

frequency, a required condition to preserve the integrity of the mast material and to reduce fatigue and 

mechanical stress. The predicted results from the mathematical analysis show a good agreement, higher 

than 95% on average, with reported data in literature, thus, validating the proposed mathematical 

procedure. A simulation run for a designed prototype shows a high agreement between mathematical 

development and the linear approach currently adopted by the manufacturing processes (R2=0.9885); 

therefore, the proposed methodology for the BWT design is valid. 

 

Keywords: Wind energy, bladeless wind turbine, performance simulation and optimization, turbulent 

wind regime operation, vortex 

 
 

INTRODUCTION 

World energy consumption continues to increase as the population grows, and countries evolve to a 

higher standard of living [1–3]. The power generation source to support energy demand resides in fossil 

fuels, which will persist for decades, following expert opinions [4–7]. In the past decade (2010–2020), 

the renewable energy sector grew from 12.3% to 16.8%, whereas the non-renewable energy sector 

decreased from 87.7% to 83.2%, indicating a high global dependence on fossil fuel resources [8]. 

Renewable energy is a feasible alternative to fossil fuels, particularly solar and wind energy, although 

the power coverage factor for electricity generation remains below 50% in many countries [9–12]. 

Figure 1 shows the rapid solar photovoltaic growth 

and persistent increase in wind energy compared to 

the stagnated development of alternative renewable 

energy sources. The slow-growing rate of 

renewable energies in the world electricity 

generation sector, barely 0.45% per year, forces us 

to encourage the implementation of alternative 

power sources to replace fossil fuels [13–15]. To 

this end, authorities and organizations promote the 

implementation of renewable energy installations 

through regulations to make people react to the 

reluctance to change from conventional power 

systems to renewable ones. Additionally, incentives 

and subsidies help support investment in 

implementing renewable systems, especially solar 

photovoltaic arrays and wind turbines [16–19]. 
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Wind Energy State of the Art 

Wind energy experiments are relevant to the development of wind offshore technology and the 

implementation of marine wind farms owing to higher wind turbines and access to open spaces with no 

natural obstacles or restrictions owing to human settlements [20–25]. 

 

Offshore wind farms represent a solution to the limited land available for onshore wind power 

plants. The orography and wind turbine rotors generate turbulence that reduces the efficiency of 

conventional three-blade horizontal-axis wind turbines, forcing wind farm designers to increase the 

distance between adjacent wind turbines, which reduces the available space and chances of building 

new wind farms [26–28]. 

 

Although offshore wind farms, such as inland wind power plants, do not suffer from turbulent winds, 

a minimum distance should be maintained to avoid the influence of wakes on the performance of 

adjacent turbines [29–32]. 

 

An alternative to the wake problem is to implement a new wind turbine model with good performance 

under turbulent winds [33–35]. We propose a bladeless wind turbine (BWT) that uses turbulent wind 

as a power source to produce mechanical energy for electricity generation. A BWT can be installed 

offshore in free space between giant marine wind turbines [36]. To date, BWT operates in small 

prototypes [37] (Figure 2), using turbulent wind as a driving force to vibrate and generate kinetic energy 

that is converted into electricity. 

 

 
Figure 1. Renewable energy sources evolution. 

 

 
Figure 2. View of a bladeless wind turbine (BWT). 
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Implementing BWT in the offshore wind farm free space has two advantages: first, extra power 

generation, and second, lowering the wake power, limiting the influence on the next conventional wind 

turbine, and allowing a distance reduction between two consecutive turbines. Therefore, this 

configuration results in a higher global offshore wind farm performance. Additional advantages of the 

BWT are its design simplicity, low maintenance, low sound level, and minimal environmental impact, 

especially for birds. In addition, owing to its symmetric design, a BWT uses all-directional winds, 

eliminating the yaw mechanism and optimizing the performance. 

 

THEORETICAL FOUNDATIONS 

Aerodynamic Force on BWT 

The wind force striking the BWT structure decomposes into two fractions: drag force, which is 

responsible for the momentum transmission to the aerodynamic body in a front collision, and lift force, 

perpendicular to the wind direction, which creates a rotation effect on the collided surface. The drag 

force depends on many factors, such as the blade geometry, type of material, and rugosity, making it 

difficult to determine its value. Therefore, the classical method of expressing the drag force is through 

the drag coefficient, CD, using the equation: 

21

2
D DF C Au=

 (1) 

ρ and u are the air density and speed, respectively, and A is the wind rotor blade section. 

 

Term (1/2)ρAu2 represents the dynamic wind force. The drag coefficient was empirically determined. 

 

The lift force is derived from Bernoulli’s principle; indeed, in a blade with non-symmetric geometry, 

the wind moves faster along the longest blade side; therefore, applying Bernoulli’s principle to such 

geometry (Figure 3), we have 

 
A bladeless wind turbine resembles a round cylinder, where the wind never strikes asymmetrically 

as long as a laminar flow exists. When the drag forces predominate, for Reynolds numbers above 4000 

[38], a pressure difference appears on both sides of the cylinder, generating a pressure movement 

crosswise to the wind and creating a lift force. 

 
The lift force is also complex to determine; therefore, we apply the same procedure as for the drag 

force, using the lift coefficient CL and the dynamic wind force through the expression [39]. 

 (2) 

 

 
Figure 3. Schematic view of the wind force decomposition. 
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2
L LF C Au=
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Owing to the crosswise movement, the cylinder compresses the air in the direction of movement, 

expanding the air in the opposite direction, generating a pressure gradient opposite to the one that 

initiates the movement and creates an oscillation [40]. This type of oscillation is known as vortex-

induced vibrations (VIV), an aerodynamic phenomenon characterized by symmetric vortex wakes 

periodically emitted from the cylinder in the incoming wind direction and von Karman vortices. 

 

The vortex frequency depends on the wind speed, cylinder diameter, and Strouhal number (St) as 

follows [37]. 

·
u

St u
f

D
=

 (3) 

 

The process through which the vortices come off from the cylinder surface is known as vortex 

shedding and is responsible for lift force generation. The eddy release causes cylinder oscillation whose 

frequency matches that of the vortex [41]. The emitted wake type is shown in Figure 4 as a function of 

the wind speed and Reynolds number. 

 

The vortex frequency calculation requires determination of the Strouhal number because the cylinder 

diameter and wind speed are easy to measure. The Strouhal number is related to the Reynolds and 

Roshko numbers (Ro) by the following equation: 

 (4) 

Where the Roshko number depends on the Reynolds number as: 

 (5) 

Above Re=2000, the Roshko number moves in the range of Ro=0.20±0.02 for 2000<Re<106; 

therefore, for turbulent flow with a Reynolds number above 2000, we consider the Roshko number 

constant and equal to 0.21. 

 

 

No separation. 

Creeping flow 
Re < 5 

 

A fixed pair of symmetric vortices 5 < Re < 40 

 

Laminar vortex street 40 < Re < 300 

 

Transition to turbulence in the wake 200 < Re < 300 

 

Wake completely turbulent. 

A: Laminar boundary layer separation 

300 < Re < 3×105 

Subcritical 

Figure 4. BWT wake type generation as a function of Reynolds number. 
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WIND TURBINE STRUCTURE 

The wind turbine design comprises an oscillating rigid cylinder mast and flexible stand connected to 

the device base [41]. Because the vortex frequency depends on the wind speed and mast diameter, these 

two factors are critical in wind turbine design. Because the wind direction is variable, the mast should 

be symmetric with respect to the vertical axis but not necessarily cylindrical; a truncated cone geometry 

is also valid. This last configuration solves the problem of an increasing mast section with height 

because of the need for higher mechanical resistance with height owing to the higher wind dynamic 

force. Indeed, the wind speed increases with height following a potential law; therefore, the dynamic 

forces increase with the square power of the speed, forcing the mast to have higher mechanical 

resistance as we move upward. 

 

By retrieving Equation (3), we notice that the mast diameter should increase with wind speed, keeping 

the ratio u/D constant to maintain a constant frequency along the mast. If the frequency changes from 

one mast section to another, the mast suffers from crosswise mechanical forces, which may damage the 

wind turbine structure and eventually produce mast breakage. Figure 5 shows a symbolic representation 

of the wind forces acting on the wind turbine structure for different mast sections. We observe that, for 

a cylindrical mast, the wind forces increase as the height increases, whereas for the truncated cone 

configuration, the forces are identical at all mast sections. 

 

BWT WIND FARM LAYOUT 

The BWT also produces turbulent wakes, forcing the separation of two adjacent turbines at a 

minimum distance. If they are too close, the Wake Galloping effect appears (Figure 6). The Wake 

Galloping effect is based on the following mechanism: the wind stream interacts with the first turbine 

and produces downwind vortices, and the wakes induce crosswise lift forces on the next turbine, as 

indicated by the red arrow in Figure 6, creating a reinforced periodic oscillatory movement. 

 

The energy associated with the Wake Galloping effect is high and may affect the wind turbine 

structure, causing damage and even breakage. Therefore, they should be avoided. The Vortex Company 

considers that the minimum distance between the turbines to attenuate the Wake Galloping effect should 

match half the turbine height [40]. Figure 7 shows the CFD simulation of the Wake Galloping 

mechanism. 

 

 
Figure 5. Symbolic representation of the wind forces on the BWT structure. 

 

 
Figure 6. Wake galloping effect. 
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Figure 7. Wake galloping mechanism simulation using CFD technique: (a) wake galloping 

phenomenon; (b) wind turbine lift coefficient [41] 

 

 
Figure 8. Reduction of the Wake Galloping mechanism using a triangle configuration: (a) wake 

galloping simulation using CFD technique: (b) wind turbine lift coefficient. 

 
We observe how the turbulent wakes rise in amplitude as they move away from the turbine (left hand 

of Figure 7). We also notice that the second turbine lift coefficient (blue line) is considerably higher than 
that of the first turbine (red line), indicating that the wind force intensity and mechanical stress increase 
(right-hand side). 

 

Mechanical stress is relevant because it causes cumulative damage to the mast structure; when the 
cumulative damage reaches the threshold value, the structure collapses, and the mast breaks. A proposed 
solution to avoid the Wake Galloping effect is to configure the BWT layout as a triangle; this 
configuration considerably reduces the Wake Galloping mechanism (Figure 8). 
 

The left side of Figure 8 shows how the turbulence disperses in the new configuration, thereby 
reducing the wake effects generated by BWT. On the other hand, the lift coefficient of the downwind 
BWT was lower (green line), indicating a reduced intensity of the turbulent wake. Therefore, we can 
install more than one BWT behind the first one with minimal effects and low mechanical stress. 

 
MATHEMATICAL ANALYSIS 

The oscillatory movement mathematical analysis in the BWT evaluates the mast displacement in the 
X-Y plane when subjected to a wind force. Because the BWT comprises a rigid mast and flexible stand, 
we divided the structure into two parts, each corresponding to the mast and stand sections (Figure 9). 

 

L and H are the stands and total BWT height, respectively. D is the mast diameter. We considered a 
truncated cone geometry to maintain a constant frequency throughout the structure. 

 

The condition applying for the Strouhal Equation (3) requires a null rod displacement. Under such 

conditions, only the wind speed is considered. The first step is to determine the height that fulfills  

this condition. 
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Figure 9. Schematic representation of the BWT. 

 

 
Figure 10. BWT mast bending movement. 

 

We started considering the BWT mast as a cantilever beam with one end anchored to the ground and 

the opposite end free to move and subjected to a force that bends the mast with the free-end describing 

a circular path (Figure 10). 

 

The free-end position corresponds to a point of the circular path; therefore: 

( )
22 2R x R y= − +

 (6) 

x and y are the Cartesian coordinates of the free-end position (Figure 11). 

 

Because the mast length is constant: 

 (7) 

Where Ɵ is the flexion angle. 
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Figure 11. Graph representation of the free-end positioning. 

 

Combining Equations (6) and (7): 

 (8) 

 

On the other hand, from Figure 10: 

1 cos
;

sin sin

y
R x y



 

−
= =

 (9) 

 

Combining Equations (7) to (9): 

( ) ( )
( )

2 2

2 2

2 2 sin
;

sin sin
1 1 1 cos

1 cos 1 cos

L L
x y



 
  

 

= =
   
+ + −   

− −        (10) 
 

Equation (10) shows the cantilever beam-free-end coordinates. The vibration mode can be 

determined using Equation (7) because it calculates the curvature radius for every flexion angle.  

Figure 12 shows the cantilever free-beam displacement evolution with a variable flexion angle for a 2 

m-long mast. 
 

Literature shows that the height at which the oscillation is negligible corresponds to half of the mast 

length [42]. Applying the data from our calculation to a height of L/2, we obtained (Table 1). We 

observe that the maximum D/L ratio is 0.065, which is negligible according to the literature 

specifications. Therefore, we can validate our calculation procedure. 
 

MAST DESIGN AND CALCULATION OF VORTEX SHEDDING FREQUENCY 

If we apply the Strouhal number to our system, we obtain: 

 (11) 

With d=D for y=L/2. Vr represents the relative speed between the wind and mast. 
 

Equation (11) shows the vortex shedding frequency at the height at which oscillation is negligible. 

In mathematical development, we assume that this frequency should be constant at any height. 
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Figure 12. Evolution of the mast free-end 

with flexion angle. 

 

Table 1. Displacement (D) of the mast position at 

L/2 for variable flexion angles. 

Angle (°) D (m) D/L (%) 

10 0.05 2.5 

20 0.09 4.5 

30 0.13 6.5 

 

Since wind and mast movement direction are perpendicular, the relative speed is: 

 (12) 

vw and vosc are the wind and mast oscillation speeds. 

 

However, the wind speed evolves with height according to the exponential law [43] 

 (13) 

For neutral stability conditions, α= /7 [44]; however, if atmospheric conditions evolve, the α-

coefficient differs [45]. 

 

Since we can express the oscillation speed as: 

( )
4

4osc

A
v X y f

T
= =

 (14) 
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A, T, and f are the oscillation amplitude, period, and frequency, respectively, and X(y) is the 

displacement at the y height. 

 

Combining Equations (12) to (14), we have: 

( )

1
1 2 2

2 216r o

o

y
v v X y f

y

    
 = +  
       (15) 

And relating Equation (3) and (15): 

( )
( ) ( )

( ) ( ) ( )

1
2 22

2 22
16

St v y
f y

D y St X y

    =  
−          (16) 

Where: 

( )
( )

( ) ( )

1
2

2

222

2
16

2

v y
D y d St X y

L
v

 
 
   = +    
   
        (17) 

We define the D(y) dependence on height through the variable β defined as: 

( )
( )

X H

D H
 =

 (18) 

H is the mast height-free-end. 

 

The oscillation amplitude at any height is: 

( ) ( )
2

2

y L
X y D H

H L


−
=

−
 (19) 

Combining Equations (17) and (18) and operating: 

( )
( )

( )

1
2

2 2

2

221 16
2

v H d
D H

L
v St

 
 

   =  
    −         (20) 

Now, replacing in Equation (19): 

( ) ( )
( ) ( )

( )

1
2

22 222
2

2 22

16 2

21 16

2

St v Hd y L
D y v y

H LStL
v





 
     −   = +     − −              (21) 

A similar mathematical development was derived from the Vortex Company Patent [46], proving the 

validity of our procedure. 
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SIMULATION 

We consider a BWT with a base length of 2 m, a diameter of 0.18 m, and a total mast height of 6 m. 

The wind profile showed a speed of 12 m/s at a height of 10 m. The terrain rugosity coefficient is 0.18. 

By applying Equation (20) and considering β=1, we can determine the oscillation amplitude at any 

height using Equation (19). From Equation (3), for a height y=L/2, we obtain the vortex shedding 

frequency, which is considered constant for all mast lengths. Therefore, using this frequency and the 

oscillation amplitude at any height, given by Equation (14), we can determine the oscillation speed at 

any height. Once we calculate the wind and oscillation speed, we can determine the relative speed 

between the mast and the wind by applying Equation (12). Finally, we used Equation (21) to determine 

the mast diameter at any height to maintain a constant vortex shedding frequency. Table 2 lists the 

results for heights between 1 and 6 m. Figure 13 shows the BWT mast design. The blue line corresponds 

to mathematical development, whereas the red line corresponds to manufacturing approximation. 
 

Table 2. Oscillation speed and mast diameter for heights between 1 and 6 m. 
h (m) vw (m/s) A (m) vosc (m/s) vr (m/s) D (m) f (s-1) 

1.0 8.69 0.00 0.00 8.69 0.180 

10.14 

1.5 9.20 0.04 1.72 9.36 0.194 

2.0 9.58 0.09 3.45 10.18 0.211 

2.5 9.88 0.13 5.18 11.16 0.231 

3.0 10.14 0.17 6.92 12.27 0.254 

3.5 10.36 0.21 8.64 13.49 0.279 

4.0 10.56 0.26 10.38 14.80 0.306 

4.5 10.73 0.30 12.10 16.17 0.335 

5.0 10.89 0.34 13.83 17.60 0.365 

5.5 11.04 0.38 15.56 19.08 0.395 

6.0 11.17 0.43 17.29 20.59 0.426 

 

 
Figure 13. BWT prototype mast design. 

 
  
 
 
  
  

 

            
                               

 

 

 

 

 

 

 

 

         
         



 

 

Vibrational Wind Turbine Design                                                                                    Carlos Armenta-Déu et al. 

 

 

© STM Journals 2024. All Rights Reserved 43  
 

Because current industrial tools cannot manufacture a design similar to that shown in Figure 13 (blue 

line), the practice approximates the curved mast profile to a truncated cone geometry (red line). The 

high agreement (R2=0.9885) between the mathematical development and manufacturing approaches 

validated the proposed method. 

 

CONCLUSIONS 

In this study, we propose a mathematical model based on physical laws to describe the mechanical 

behavior of BWT wind turbines. This behavior corresponds to an oscillation transverse to the incident 

airflow when the system reaches a high Reynolds number. 

 

Mathematical development results in an algorithm that describes the BWT mast profile under a 

constant oscillation frequency along the height, to avoid mechanical wear and stress on the mast 

material. This development shows that the mast geometry is a truncated cone. 

 

Similarly, under the condition of one fixed end and one free-end, a method of describing the bending 

angle and trajectory of the core is obtained, which allows us to conclude that the height at which the 

horizontal displacement of the core is negligible is L/2, where L is the height of the core. 

 

The predicted results from the mathematical analysis show good agreement, higher than 95% on 

average, with reported data in the literature, thus validating the proposed mathematical procedure. A 

simulation run for a designed prototype shows a high agreement between mathematical development 

and the linear approach currently adopted by the manufacturing processes (R2=0.9885); therefore, the 

proposed methodology for the BWT design is valid. 
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