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Abstract

This work focuses on studying and analyzing the power generation in offshore bladeless vibrational
wind turbines. In previous work, we developed detailed research about the vibrational wind turbine
design and configuration; in this new work, we analyze the energy supply from this type of turbine to
achieve a better understanding of the behavior and potential of bladeless vibrational wind turbines
(BVWT) as an additional power source in offshore wind farms. This paper evaluates the BVWT power
coefficient to determine the turbine performance. The study also analyzes the factors influencing wind
turbine behavior and how changing these parameters can improve turbine efficiency. The simulation
results prove that BVWT represents a feasible and reliable power source in wind farms, with the wind
turbines operating at optimum conditions in turbulent winds.

Keywords: Wind energy, bladeless vibrational wind turbine, performance simulation and optimization,
turbulent wind regime operation, output power, energy generation

INTRODUCTION

The development of offshore wind farms as an alternative to inland facilities represents a challenge
in generating maximum available power. To this end, increasingly powerful turbines are being installed
on the seabed in various parts of the world [1]. Offshore wind turbines often benefit from a stable and
regular wind flow in a laminar regime. Nevertheless, the turbulence generated by a wind turbine forces
adjacent turbines to separate the minimum distance to avoid wake effects [2—7]. Because the offshore
wind farm layout requires specific separation between the next turbines, both in the wind direction and
crosswise, the offshore wind farm power density has a limit, which increases if we use the free space
between turbines to place smaller wind turbines operating in turbulent wind conditions. A similar
situation is generated by wake effects.
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wear [11, 12], and provoking damage [13].
Although vertical axis wind turbines are less prone
to damage under turbulent winds, they continue to
experience fatigue and wear when operating under
turbulent wind regimes [14, 15]. Recently, some
researchers have suggested intercalating small
three-blade  horizontal-axis ~ wind  turbines
specifically designed to operate under drag force,
which are compatible with turbulent winds [16, 17].
Another possibility for using turbulent winds as the
primary force is the use of bladeless turbines, which
use the vortex effect to vibrate the wind turbine and
generate electric energy [18-22].
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Bladeless turbines are characterized by a symmetric design that allows the reception of wind from
any direction without affecting the force distribution on the turbine structure [23, 24]. These
characteristics make bladeless turbines suitable for areas where turbulent winds or wakes are present if
they operate in vibrational mode [25, 26]. Bladeless turbines currently operate onshore because of their
simple design, low cost, and ease of installation [27, 28]; however, they are also suitable for offshore
applications, either anchored to the seabed or floating because of their symmetric design [23, 29, 30].

In this work, we study and analyze a new model of a bladeless wind turbine operating in vibrational
mode for installation in offshore wind farms as a solution to increase the output power without altering
the existing layout. This study characterizes bladeless wind turbine performance and evaluates its output
power as the most relevant parameter.

THEORETICAL FOUNDATIONS

We consider a bladeless vibrational wind turbine as a mechanical system that oscillates around the
vertical axis of symmetry, as shown in Figure 1. The analysis of oscillatory movement considers the
bladeless turbine as a group of narrow solid disks of mass mi linked to a wall through an elastic spring
following Hook’s law. The mechanical energy of a bladeless turbine is the sum of the energy associated
with each disk or segment.

Applying the Mechanic laws for an oscillatory movement, we have:

1
$mech,i = Ekxiz (1)

¢is the mechanical energy of the disk, i and k are the bladeless turbine material elastic constants, and
x is the horizontal displacement from the vertical axis of segment i.

Equation (1) can be rewritten as a function of angular frequency w as follows:

Smech,i = %miwzxiz )
Considering an elemental disk of infinitesimal thickness, Equation (2) adopts the form:

dSmecn,i = %szxizdvi ®)

p is the turbine material density and dV is the disk differential volume, which depends on the solidity
of the material.

Figure 1. Schematic representation of the oscillation
mode for the bladeless vibrational wind turbine.
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For a simpler solution, we consider the turbine to be a solid material; therefore, the differential volume is
av; = S¢ridy; = %Didei (4)
D is the diameter of the disk and y is the relative height of the turbine base.

Combining Equations (3) and (4) and expressing the mechanical energy as a function of the
oscillation frequency f, we have

3
dfmech,i = 7T?pfzxizDizdyi (5)

The solution of Equation (5) requires defining x and D in terms of y. If we retrieve these expressions
from a previous study [31],

i—L/2
i = (i[—L/Z)BDi (6)
/2
C(a? [2, 16S7BVEL, (vimt/2\)

Di = {Vf:m [Vi I Tesieep? (H—L/Z)]} (7)
with

B = (xi=1/Di=1) (8)
Now, replacing in Equation (5):

_m yl L/2 2, 1651 tzﬂdszL/z yie L/2

ACmecni = 5 Pf [ H-L/2 ﬁ ] [l L/2 [V 1-168;t2 B3 H L/2 ©)

It is important to note that we used two values, b, to characterize the oscillation amplitude and bds for
the bladeless wind turbine design, respectively. At the moment of turbine design, we impose bds=1, which
automatically defines the material density because both parameters are related to each other through the
following expression:

1

P=1 (10)

Nevertheless, b cannot depend only on aerodynamics because two turbine masts built aerodynamically
identical, but in different materials, would have the same oscillation frequency, which is false. If a single
b appears in Equation (9), the energy may rise to infinity, which is physically impossible.

The method to compensate for the density dependence is a variation in the maximum oscillation;
looking at Equation (8), we notice that all terms are above zero and constant. If we normalize to 1 to
analyze the relationship between b and r, we obtain Equation (10). In Figure 2, we observe that density
dependence on b follows the expected trend; if the turbine mast oscillates at a high amplitude, the
density should be low, and vice versa. This statement is consistent with the physical fact that a heavy
mast oscillates at a low amplitude, whereas a light mast has high oscillations.

Solving Equation (9):

_ H (yi-L/2\? 2 H (yi-L/2\* _
g_AfL/Z (H—L/Z) Vl dyl+ABfL/2 (H—L/Z) dyl _AIZ +ABIl (11)
With:
o187 D} (12)
/2
2
_ 16St BdSVH (13)

T 1-16St2B3,
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Figure 2. Density evolution with (3.

The solution for integrals 11 and I is:

I = f;?:LH/Z (3;;:322)4 dy; = fol t4 (H — g) dt = l(H - %) witht = YoM2 ) g _avi (14)

5 H-L/2 H-L/2
and
iz 2 yi=H 21,2
 —L/2 —L/2\*V,
12 = j u Vizdyi — f Yi / rzef ina,dyi
H—1L]2 H=1/2) 322
vi=L/2 yi=L/2
yi=H yi=H
L2
=¢ f i —L/2)?yi%dy; = C f (yiz_Lyi‘i'Z)yizadyi
yimL/2 vi=L/2
H2et3 L2a+3 [2a+2 [2a+2
= —_ _ L _
[Za +3 (16a + 24)22¢ <2a +2 (8a+ 8)22a>

12 [ g2a+l [2a+1 2

+ — — with C = L yZ“
4 \2a+1 (4a +2)22¢ (H-—L/2)2) ’r¢f

(15)

Replacing in Equation (11):

3 d? V2 g2at3 12a+3 H2a+2 [2a+2
f=—pf2[32D2 ref _ _ 3
2 " VLZ/Z (H —L/2)? yfg’} 2a+3 (16a + 24)22%« 2a+2 (8a + 8)22@
LZ H2a+1 L2a+1 16St2ﬁ§sv1.% H— L/2
4 \2a+1 (4a+2)22¢)|  1-16St2p3,\ 5
(16)
WIND POWER

This section describes the wind power calculation for the bladeless wind turbine mast. Using the
classical expression [32],

1
By = Epair5u3 (17)
Because wind speed changes with height, the following equation applies [33]:
a
Uy = Uyes (yy_f) (18)
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In addition, the wind strikes the front cross-section of the wind turbine; therefore, Equation (17)
should be rewritten in differential form as follows:

1
ap, = EpairDyu;dy (19)

The parameter y indicated the disk or segment height.

If we integrate over the entire mast length:

/2
1 H 3, _ 1 d (H [ o, 16St2B3.VE (y—-L/2 ! 3
By =3 Pair fL/z Dyuydy = E'D‘WT/ZIL/Z Hi 1-165t2B2, (H—L/Z) uydy (20)

Because the analytical solution of Equation (20) is complex, we apply a linear approximation [31].
Therefore,

Dy, =a+ by (21)
With:
_ _ Dy-Ld | __ Dy—d
a=d H-L/2’ b= H-L/2 (22)
Combining Equations (20), (21) and (22):
H H
1 ul ul
Ry = 5 Pair f a—Ly3dy + f b—L y3eidy
L/2 ref L2 ref
1 u3 [ H H
= > Pair 30 |@ f y3*dy +b f y3**dy
ref | L2 L/2

B 1 ugef H3a+l J3a+1 3a+2 J3a+2
~ gParyza (@ (Ba +1 (6a+ 2)23a> th <3a +2 (12a+ 8)23“>]
=l ' @(d— Dy —d £><H3“+1 ~ [3a+1 >

2Pairyza \* " H—1722)\3a+ 1 (6a +2)2%

DH —d H30{+2 L30{+2
+ —
(H—L/Z) <3a+2 (12a+8)23“>]

Power Coefficient
The power coefficient is defined as the mechanic-to-wind energy ratio. Converting mechanical power
into energy yields:

(23)

Prech = 28 mecnf (24)
Therefore, the power coefficient is:

2 mec
Cp = % (25)

Because the mechanical power depends either on the material density, p, or the coefficient 5, and
because p and 8 depend on each other, Equation (25) represents a linear function with two independent
variables: the power coefficient and the material density or the g-coefficient. Therefore, we developed
an iterative process to determine the power coefficient, which validates Equation (25).

To this end, we applied a Python program to simulate the mathematical functions for mechanical and
wind power using the following operating and design specifications:
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L y *
d=Dysp; f= f(z)i Uy = uref( ) ; Uose = 4%y f
:Vref

_*H _ y—L/2
B‘E'”"“’*(H—L/Z)
(26)

Power Coefficient Dependence on Turbine Mast Height
The first step of the simulation is calculating the wind and mechanical power using Equations (16)

and 23, considering all parameters constant except the turbine mast height, which varies from 0 to 10
m. Figure 3 shows the wind and mechanical power evolution with turbine mast height.

Repeating the process for efficiency (Figure 4) yields. It should be noted that the efficiency data in Figure
4 are not accurate because we used arbitrary values for p and S. Nevertheless, we observe that efficiency
evolution is coherent with the current values in a wind turbine [34], showing a peak value of approximately
59%, which matches the maximum attainable according to Betz’s law [35]. Therefore, we can validate the
proposed mathematical model for the power and efficiency evolution with turbine mast height.

Because the simulation considers a turbine core 2 m high, values for mast heights below 2 m (dashed
red line in Figure 4) are inconsistent; therefore, we only use mast heights above 2 m, where the efficiency

decays continuously. We conclude that the bladeless turbine efficiency decreases with an increase in the
mast height.

| = Wind power
2000 Mechanic power
1500 4
2
5 1000 4
2
)
a
500 1
0]

0 2 4 6 8 10
Turbine mast height (m)
Figure 3. Wind and mechanic power evolution with turbine mast height.

58 1

W W W
\S] £ [o)}
n T n

Efficiency (%)

W
(=]

0 2 4 6 8 10
Turbine mast height (m)
Figure 4. Efficiency evolution with turbine mast height.
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Power Coefficient Dependence on Turbine Core Height

We repeated the process by changing the turbine core height and maintaining all the other parameters
constant. We changed the core height from 0 to 2 m. Figure 5 shows the simulation results for wind and
mechanical power, while Figure 6 shows the efficiency.

Efficiency continuously decreases with the height of the core. This conclusion is consistent with the
claim that a higher core increases the mast height and reduces turbine efficiency. The continuous
decrease in efficiency is also consistent with the current evolution of turbine efficiency, proving the
validity of the proposed methodology. Therefore, we conclude that it is impossible to increase turbine
power generation unlimitedly by increasing the height of the core or mast.

Power Coefficient Dependence on Terrain Rugosity Coefficient

The third simulation process aimed to evaluate the power coefficient evolution with terrain rugosity
variations. We applied a rugosity coefficient variation between 0 and 0.4, as this is the matching interval
to the Earth's surface rugosity variation. Figure 7 shows the mechanical and wind power evolution with
terrain rugosity variations. Figure 8 shows the evolution of efficiency.

We notice that efficiency increases with terrain rugosity, consistent with bladeless wind turbines,
specifically designed to operate in turbulent winds, a typical situation on rough terrain. The linear
efficiency dependence on terrain rugosity may lead to the conclusion that the efficiency may reach
values above 100%, which is inconsistent. Nevertheless, because we constrained the a-value to the
interval 0-0.4, according to the simulation, the efficiency never exceeded 70%.

1100 A

1000 1 \

900

800 - — Wind power
Mechanic power

Power (kW)

700 7

600 1

500 4

0.00 025 050 075 1.00 125 150 175 2.00
Turbine core height (m)

Figure 5. Wind and mechanic power evolution with turbine core height.

54.0 -

Efficiency (%)

0.00 025 050 075 1.00 125 150 1.75 2.00
Turbine core height (m)

Figure 6. Efficiency evolution with turbine core height.
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Figure 7. Wind and mechanic power evolution with terrain rugosity coefficient.
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Figure 8. Efficiency evolution with terrain rugosity coefficient.

On the other hand, it looks like efficiency values for terrain rugosity coefficient above 0.25 are
inconsistent because the efficiency exceeds the theoretical limit of 59% established by Betz’s law [35];
however, this statement is incorrect because we are operating in turbulent wind where Betz’s law does
not apply.

Power Coefficient Dependence on Wind Reference Speed

We repeated the simulation process, modifying the wind reference speed, and obtained the following
results (Figures 9 and 10): Once again, the efficiency evolution is consistent with the expected results
because of the turbine operation in turbulent winds.

Power Coefficient Dependence on Turbine Mast Diameter and Vortex Generation

This simulation process deals with the dependence on turbine mast diameter and vortex generation.
This analysis is relevant because the turbine diameter at the lowest section, d, determines the diameter
at the highest point; thus, the turbine geometrical shape and oscillation frequency f, from which the
power generation is derived [36]. Figures 11 and 12 show the power and efficiency evolutions for the
lowest section turbine diameter.

The efficiency remained constant when the three parameters were applied together. This result is
consistent because it proves that turbine efficiency does not increase without limits. In addition, the
simulation demonstrates that there is no optimum value for the lowest section turbine diameter that
maximizes the wind-to-mechanical power conversion; therefore, the diameter selection is a purely
structural decision, depending on the turbine size.
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Figure 9. Wind and mechanic power evolution with wind reference
speed.
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Figure 10. Efficiency evolution with wind reference speed.
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Figure 11. Wind and mechanic power evolution with lowest section
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Figure 12. Efficiency evolution with lowest section turbine diameter.

Table 1. Coefficients for the linear dependence
turbine efficiency on material density.

B
Coeff. 0.02 0.05 0.10
0 0.0037 0.0012 0.0002
R? 1.0

0 is the linear regression slope.

Power Coefficient Dependence on Material Density

The last simulation analyzed the dependence of the power coefficient on the turbine material density.
We simulated a constant g using three different options: £=0.02, #=0.05, and =0.1. Once f is set up, only
one variable remains because the other two parameters intervene in the calculation; the power coefficient
and the material density, depend on each other. We constrain the analysis to an efficiency interval from 0
to 0.5, because this is the maximum attainable value under the current operating conditions.

The simulation showed a linear dependence between turbine efficiency and material density. Table 1
shows the linear regression coefficients of the analyzed cases. The data analysis from Table 1 shows
that efficiency increases faster as the S-coefficient decreases, meaning that dense material provokes
slower oscillations. Because the wind turbine mast is hollow, the specific material density is lower;
therefore, the turbine oscillates more widely and faster, generating higher energy.

CONCLUSIONS

We have developed a detailed study of bladeless wind turbine efficiency as a function of various
parameters, such as the turbine mast height and diameter, turbine core height, terrain rugosity, wind
reference speed, and material density. For the design parameters, that is, mast or core height and lower
or upper diameter, the power coefficient does not diverge, suggesting that the model appears correct
because increasing the design parameters cannot generate infinite energy. As for the operating
parameters, such as the roughness coefficient or the reference speed, we conclude that the model
delivers a higher power coefficient when these variables take values associated with the turbulent
regime for which, in theory, we design these turbines to work. In addition, because the oscillation
frequency depends only on the aerodynamic profile, the oscillation amplitude can be adjusted based on
the material density.

Based on the simulation results, BWTs are wind turbines with higher efficiencies at distances close
to the ground, owing to the effects of roughness. For this reason, they could play an important role in
replacing small VAWTS used in urban environments for self-consumption.
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Regarding the positioning strategy between conventional wind turbines, and because the ground
roughness effect at hub heights is negligible, a more exhaustive study is necessary with the predominant
turbulent current modeled as the wake of the wind turbines to reach a more definitive conclusion.
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