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 A B S T R A C T

This study addresses the critical challenge of optimizing bladeless wind turbines (BWTs) for maximum power 
extraction while maintaining structural integrity. BWTs represent an innovative approach to wind energy 
harvesting from vortex-induced vibrations, but their performance characteristics and design constraints remain 
poorly understood. We present a comprehensive analytical framework combining a nonlinear wake oscillator 
model with fully coupled elastic-rigid body dynamics to investigate BWT behaviour across a wide parameter 
space. Unlike previous studies relying on high-fidelity computational modelling or simplified analytical models, 
our approach enables rapid exploration of complex relationships between BWT geometry, power output, 
and structural safety. The results reveal a previously unrecognized trade-off: while increasing mast diameter 
enhances both power extraction and efficiency, maximum power (600 Watts) and peak efficiency (6%) are 
achieved through distinct geometric configurations. Notably, configurations optimized solely for power output 
often exceed structural safety limits, while those maximizing efficiency deliver suboptimal power generation. 
The optimal BWT configuration (mast diameter 0.65 m, length 0.8 m) achieves 460 Watts output while 
maintaining structural integrity - a significant finding for practical BWT implementation. This study provides 
the first comprehensive BWT design methodology that balances performance optimization with structural 
constraints, establishing a foundation for scaling up these promising renewable energy devices.
1. Introduction

Wind energy is rapidly growing as a renewable energy source 
worldwide. Conventional wind turbines try to convert the mechanical 
energy of wind into electrical power generation. However, an alternate 
approach to using wind energy is via energy-harvesting designs based 
on the aeroelastic vibration of flexible structures. Aeroelastic energy 
harvesting has been studied over the last two decades by focusing on 
aeroelastic oscillations of aerofoils [1,2] or vortex-induced vibration 
(VIV) of cylindrical bluff bodies [3]. Among these, VIV has attracted 
significant interest in energy harvesting over the last decade, leading 
to various numerical modelling [4] and experimental research [5,6].

VIV is driven by alternate shedding of vortices from either side 
of bluff bodies, leading to periodic lift and drag forces and large 
cross-flow oscillations in flexible structures [7,8]. Under certain flow 
conditions, the vortex shedding frequency approaches the structure’s 
natural frequency, leading to unstable motion and very large amplitude 
oscillations. Such behaviour arising from cross-flow VIV of flexible 
structures is well-known as the lock-in phenomenon [9,10]. Bladeless 
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wind turbines (BWT) have emerged as an innovative concept to harness 
wind energy by harvesting high-amplitude oscillations of structures 
in the presence of VIV and lock-in. A BWT effectively behaves as a 
bluff body placed in a fluid flow that initiates flow separation from its 
surface, creating vortices in its wake. Thus, BWTs exhibit significant 
potential for power output within a specific range of wind speeds 
related to the VIV lock-in range. Notably, research has shown that 
increasing the oscillation amplitude of a bluff body can widen this 
capture range [11]. Therefore, designing BWTs with larger oscilla-
tion amplitudes can simultaneously increase their power output and 
operational wind speed range.

Owing to the significant potential of BWTs to extract renewable 
energy, industrial efforts for harnessing VIV for electricity genera-
tion have been undertaken lately on small power output scales (1 
–100 W) [12]. Furthermore, recent studies have been conducted to 
assess the potential relationship between BWT power output and design 
variables such as mast length, weight, and wind speed [13,14]. Recent 
research has also explored the operational wind speed range of BWTs 
through a tuning system [15,16]. However, there remains ambiguity 
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Fig. 1. Bladeless wind turbine in the presence of airflow (a) Structural model clamped at the ground, (b) Free-body diagram of BWT system in the presence of aerodynamic and 
inertial loads.
in the literature regarding BWT efficiency. Recent studies have taken 
different approaches, with some concentrating on maximizing either 
the efficiency or input power of BWTs [4,17]. In contrast, others have 
introduced analytical models for estimating BWT power output or oscil-
lation amplitude [18,19]. Since wind is not a finite resource, it is crucial 
to determine if maximum efficiency indeed results in maximum BWT 
power output. Similarly, the question of whether output power can be 
enhanced for a constant input wind power has yet to be addressed in 
the literature.

Another gap in the present literature is the lack of a rigorous fluid–
structure interaction modelling of BWTs, which can be easily employed 
to explore BWT parameters and answer various questions on BWT 
efficiency. Such modelling would significantly accelerate present efforts 
to scale up existing small-scale BWT models for larger-scale operations 
(power output 1 kW or more) on offshore sites [20]. Only one recent 
study has considered a fully coupled elastic-rigid body motion for BWT 
structure [17] and a nonlinear wake oscillator model for the vortex 
shedding mechanism from cylindrical BWT structures [21]. However, 
they consider a relatively old wake oscillator model that cannot be 
validated at the Reynolds number expected at BWT sites (𝑅𝑒 > 50, 000), 
and they also do not analyse the power extraction capacity of BWTs. 
There have been very few recent articles that have explored BWT 
performance via theoretical modelling and parameter tuning [14,18]. 
However, they do not consider fluid-elastic coupled models for vortex-
induced vibrations [10]. There have been a few studies that attempt 
high-fidelity computational modelling or experimental analysis of BWT 
fluid–structure interaction [22]. Such models are ideal for the final 
validation of expected BWT power extraction or efficiency. However, 
they are not suited for obtaining key insight into BWT parametric 
sensitivity and its efficiency owing to the huge computational cost of 
such modelling.

This research aims to address questions about BWT power output 
and efficiency by developing a simple numerical model to analyse the 
physical mechanism of VIVs due to BWTs. The numerical modelling 
of the complex fluid–structure interaction of VIVs will be based on a 
nonlinear wake oscillator model [9]. The wake oscillator model can 
capture the nonlinear dynamics of VIVs and the onset of lock-in, but 
being a parametric model, it can be tuned easily to explore BWT power 
2 
generation performance over a wide range of operating conditions 
and parameters. However, a much more accurate modelling of BWT 
parameters and a comprehensive analysis of BWT power output are 
required to obtain valuable conclusions about BWT performance and 
parameter sensitivity.

This research presents a comprehensive parametric study of BWT 
power generation capability and efficiency for various BWT geomet-
ric parameters. The study considers a fully-coupled elastic-rigid body 
dynamics modelling to analyse highly rigid BWT masts attached to an 
elastic BWT base structure. The most recently studied nonlinear wake-
oscillator model is employed to couple the unsteady aerodynamics of 
vortex shedding to the vibrating BWT structure [23]. This enables 
accurate vortex-induced vibration analysis and identification of lock-
in phenomena over a range of free stream velocities and Reynolds 
numbers. Although the dynamic analysis and power extraction by 
BWTs have garnered recent research interest, this article presents a 
comprehensive parametric analysis of BWT geometry based on fully 
coupled fluid–structure-rigid body dynamic modelling for the first time, 
to the best of our knowledge. We also provide key insight into the de-
pendence of BWT power extraction on the lock-in phenomena observed 
by general BWT structures.

2. Dynamic modelling of vortex-induced vibrations in bladeless 
wind turbines

In this section, we describe the modelling approaches for the BWT’s 
structural dynamics and fluid–structure interaction.

A BWT structure can be represented by a flexible circular rod of 
diameter 𝐷𝑟, uniform mass distribution 𝜇𝑟 and length 𝐿𝑟 attached to 
the ground, and a rigid hollow circular mast of outer diameter 𝐷𝑚, 
uniform mass distribution 𝜇𝑚 and length 𝐿𝑚 attached to the tip of 
the rod, without any loss of generality. This is illustrated in Fig.  1(a). 
Energy harvesting studies [3,24] and lock-in mitigation studies [25,26] 
around vortex-induced vibration are often studied as a single degree of 
freedom motion assuming lumped parameter properties matched with 
first natural frequency of the dominant BWT mode, without any loss 
of generality for capturing the onset of lock-in phenomenon. However, 
the structural dynamics of BWT are much more complex and require 
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accurate coupling of the inertial properties of the BWT mast with 
those of the vibrating BWT rod. Thus, a continuous structural system is 
considered with the rod’s distributed mass and stiffness.

2.1. Aerodynamic force modelling

A reduced-order wake oscillator model is employed here to rep-
resent the aerodynamic loads. Such wake-oscillator models are com-
putationally much less expensive than direct numerical simulations of 
the Navier–Stokes equations, but provide accurate aerodynamic force 
predictions in the lock-in region [9,10]. Several types of reduced-
order models are available for vortex-induced vibrations [10]; however, 
coupled system models take into consideration both the evolution of 
the structural displacement and the dynamics of the wake [23,27]. 
This study will employ the coupled wake oscillator model proposed 
by Facchinetti et al. [23]. The wake-oscillator model parameters have 
been tuned with experiments for the range of Reynolds numbers, 300 <
𝑅𝑒 < 1.5 × 105 [23,28], and later validated with direct Navier–Stokes 
simulations of flow around oscillating cylinders [29]. Although early 
validations were performed in a hydrodynamic environment, later val-
idation of Facchinetti et al.’s wake oscillator model [23] has also been 
performed in air with minor changes [30]. This further emphasizes that 
the model can be used in the present study without loss in generality.

The transverse sectional fluid-dynamic force 𝐹𝑓  depends on the lift 
due to vortex shedding (which depends on the wake dynamics), the 
flow-induced damping resulting from drag, and the contribution of 
added mass of the fluid [10,29], as shown below, 

𝐹𝑓 (𝑧, 𝑡) = −1
4
𝜋𝜌∞𝐷𝑚

2𝑣̈ − 1
2
𝐶𝐷𝜌∞𝐷𝑚𝑉∞𝑣̇ + 1

4
𝐶𝐿0

𝜌∞𝐷𝑚𝑉∞
2𝑝. (1)

Here 𝜌∞ is the density of the air and 𝑉∞ is the freestream velocity. The 
direction of the airflow relative to the BWT motion is shown in Fig. 
1(a). The unsteady lift can be related to the wake oscillation state 𝑝
as 𝐶𝐿(𝑡) = 𝐶𝐿0

𝑝(𝑡)∕2. Here, we have neglected the aerodynamic force 
contribution from the BWT rod as it will have a much smaller diameter 
than the mast.

A self-excited Van der Pol oscillator governs the wake dynamics, 

𝑝̈ + 𝜆𝜔𝑠
(

𝑝2 − 1
)

𝑝̇ + 𝜔𝑠
2𝑝 = 𝑃

𝐷𝑚
𝑣̈. (2)

The wake-oscillator model assumes that the flow is inviscid far from 
the wake and that there exists a well-formed vortex with a shedding 
frequency given by 𝜔𝑠 = 2𝜋𝑆𝑡 𝑉∞∕𝐷𝑚, where 𝑆𝑡 is the Strouhal number 
of the flow. 𝐶𝐿0

 is the lift coefficient, which is assumed to have a 
constant value of 0.3 for the range of Reynolds number stated above [9,
31]. For well-developed wakes, the value of 𝐶𝐷 is assumed as 1.20. 
Considering a circular cylinder, and the range of Reynolds number 
considered here, we can assume that 𝑆𝑡 = 0.2 [9,31]. Furthermore, it 
has been shown that 𝜆 = 0.3 and 𝑃 = 12 lead to the best matching 
of the wake-oscillator predictions with direct numerical simulations of 
Navier–Stokes equations in the lock-in region [23,29].

2.2. Vortex-induced vibration of BWT

The vortex-induced vibration of the BWT is studied here by sepa-
rating the BWT system into: (1) the rigid BWT mast, which experiences 
the aerodynamic loads, and (2) the elastic BWT rod with an equivalent 
force and moment, 𝐹𝑚 and 𝑀𝑚, respectively, at its tip, where the rod 
and the mast are attached. The free body diagrams of this equivalent 
system in the presence of aerodynamic and inertial loads are presented 
in Fig.  1(b).

The structural motion is expressed as a superposition of its free 
vibration modes 𝜙𝑖, 
𝑣(𝑧, 𝑡) =

∑

𝜙𝑖(𝑧)𝑣̃𝑖(𝑡), (3)

where 𝑣̃𝑖 is the response factor for the 𝑖−th mode. Furthermore, based 
on previous modal superposition of wake oscillator dynamics [17,21], 
3 
the mode shapes of the wake dynamics state 𝑝 on a deforming structure 
can also be approximated by the structural mode shape in the presence 
of lock-in. In the presence of lock-in, 𝜔𝑠 ≈ 𝜔𝑛, where 𝜔𝑛 is the natural 
frequency of the structure. Thus, it is assumed that only the mode 
shapes of the unsteady lift, which are sufficiently close to the struc-
tural modes, have a considerable contribution to the vortex-induced 
vibration of the system near lock-in. Thus, we have, 

𝑝(𝑧, 𝑡) =
∑

𝜙𝑖(𝑧)𝑝̃𝑖(𝑡), (4)

where 𝑝̃𝑖 is the modal response factor for the 𝑖−th mode of unsteady 
lift.

2.2.1. Undamped free vibration of BWT
Assuming constant properties across the elastic rod and Euler–

Bernoulli beam theory, the free vibration of the rod is governed by the 
following equation of motion, 

𝐸𝐼 𝜕
4𝑣

𝜕𝑥4
(𝑧, 𝑡) + 𝜇𝑟

𝜕2𝑣
𝜕𝑡2

(𝑧, 𝑡) = 0. (5)

Closed-form solutions exist for the system’s exact mode shape and 
natural frequencies. These are obtained using standard methods of 
modal analysis. The exact mode shapes 𝜙𝑖(𝑧) will be used to analyse 
the vibration of the BWT under aerodynamic loads using Lagrange’s 
equations in the next subsection. A detailed analysis of the first natural 
frequency and mode shape is provided in Appendix.

For vortex-induced vibration lock-in, often only the first natural 
mode is important, and the wind velocity required to excite the higher-
order modes is beyond the regular wind speeds experienced in most 
locations. It is thus reasonable to assume that the displacement of the 
structure and the wake dynamics are governed by the first natural mode 
of structural vibration.

2.2.2. BWT vibration due to aerodynamic load and proportional damping
The BWT vibration due to aerodynamic loads and dissipation due 

to damping can be obtained via Lagrange’s equations as follows: 
𝑑
𝑑𝑡

(

𝜕𝑇
𝜕𝑞̇𝑖

)

− 𝜕𝑇
𝜕𝑞𝑖

+ 𝜕𝜏
𝜕𝑞̇𝑖

+ 𝜕𝑈
𝜕𝑞𝑖

= 𝑄𝑖, (6)

where 𝑇 , 𝑈 and 𝜏 are the kinetic energy, potential energy and dissi-
pative energy loss in the elastic rod, respectively. 𝑞𝑖 and 𝑄𝑖 are the 𝑖th 
generalized coordinate and force, respectively. 𝑇  and 𝑈 are obtained 
as follows. 

𝑇 = 1
2 ∫

𝐿𝑟

0
𝜇𝑟𝑣̇

2(𝑧, 𝑡)𝑑𝑧 = 1
2
∑

𝑀𝑖 ̇̃𝑣
2
𝑖 (𝑡), (7)

and 

𝑈 = 1
2 ∫

𝐿𝑟

0
𝐸𝐼𝑣′′2(𝑧, 𝑡)𝑑𝑧 = 1

2
∑

𝐾𝑖𝑣̃
2
𝑖 (𝑡), (8)

where 𝑀𝑖 = ∫ 𝐿𝑟
0 𝜇𝑟𝜙𝑖

2(𝑧)𝑑𝑧 and 𝐾𝑖 = ∫ 𝐿𝑟
0 𝐸𝐼𝜙′′

𝑖
2(𝑧)𝑑𝑧. 𝜏 = 1

2
∑

𝐶𝑖 ̇̃𝑣2𝑖 (𝑡).
Furthermore, we have 𝑄𝑖 = 𝜕𝑊 ∕𝜕𝑞𝑖, where 𝑊  is the work done 

on the rod by the tip force 𝐹𝑚 and moment 𝑀𝑚, generated due to the 
aerodynamic loads and the inertial forces due to the mast’s motion. 
From Fig.  1(b), we have

𝑊 =𝐹𝑚𝑣(𝐿𝑟, 𝑡) +𝑀𝑚𝜃(𝐿𝑟, 𝑡)

=𝐹𝑚
∑

𝜙𝑖(𝐿𝑟)𝑣̃𝑖(𝑡) +𝑀𝑚
∑

𝜙′
𝑖(𝐿𝑟)𝑣̃𝑖(𝑡). (9)

From Fig.  1(b), 𝐹𝑚 and 𝑀𝑚 can be obtained as 

𝐹𝑚 = ∫

𝐿𝑟+𝐿𝑚

𝐿𝑟

𝐹𝑓𝑑𝑧 − 𝑚𝑚 ̈̄𝑣𝑚 (10)

𝑀𝑚 =
𝐿+𝐿𝑚

𝐹𝑓 (𝑧 − 𝐿𝑟)𝑑𝑧 −
𝐿𝑚𝑚𝑚 ̈̄𝑣𝑚 − 𝐼𝑚𝜃̈𝑚. (11)
∫𝐿𝑟
2
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Here, 𝑚𝑚 is the mass of the BWT mast and 𝐼𝑚 is the moment of inertia of 
the mast about the 𝑥 axis. The displacement and rotation of the mast’s 
centre of mass, 𝑣̄𝑚 and 𝜃𝑚, respectively, can be written as, 
𝜃𝑚 = 𝑣′(0, 𝐿𝑟) =

∑

𝜙′
𝑖(𝐿𝑟)𝑣̃𝑖(𝑡)

𝑣̄𝑚 = 𝑣(0, 𝐿𝑟) +
𝐿𝑚
2

𝜃𝑚 =
∑

𝜙𝑖(𝐿𝑟)𝑣̃𝑖(𝑡) +
𝐿𝑚
2

∑

𝜙′
𝑖(𝐿𝑟)𝑣̃𝑖(𝑡).

(12)

Substituting Eqs. (7)–(11) in the Lagrange’s Eq.  (6), we get, 
𝑀𝑖 ̈̃𝑣𝑖 +𝐾𝑖𝑣̃𝑖 = 𝐹𝑚𝜙𝑖(𝐿𝑟) +𝑀𝑚𝜙

′
𝑖(𝐿𝑟). (13)

As noted earlier, here we will only consider the first natural mode of 
vibration. Thus, Eq. (13) can be rearranged to form the equation of 
motion of the system, coupled with the wake dynamics (Eq. (2)) as 
follows, 
(

𝑀 +𝑀𝑎
) ̈̃𝑣(𝑡) +

(

𝐶 + 𝐶𝑎
) ̇̃𝑣(𝑡) +𝐾𝑣̃(𝑡) = 1

4
𝐶𝐿0

𝜌∞𝐷𝑚𝑉∞
2𝛾𝑝̃(𝑡), (14)

̈̃𝑝(𝑡) + 𝜆𝜔𝑠
(

𝛽𝑝̃2 − 1
) ̇̃𝑝(𝑡) + 𝜔2

𝑠 𝑝̃(𝑡) =
𝑃
𝐷𝑚

̈̃𝑣(𝑡). (15)

Here,

𝑀 = ∫

𝐿𝑟

0
𝜇𝑟𝜙𝑖

2(𝑧)𝑑𝑧 + 𝑚𝑚

[

𝜙2(𝐿𝑟) + 𝐿𝑚𝜙(𝐿𝑟)𝜙′(𝐿𝑟)

+

(

𝐿𝑚
2

4
+

𝐼𝑚
𝑚𝑚

)

𝜙′2(𝐿𝑟)

]

, (16)

𝛾 = ∫

𝐿𝑟+𝐿𝑚

𝐿𝑟

[

𝜙2(𝐿𝑟) + (𝑧 − 𝐿𝑟)
(

2𝜙(𝐿𝑟)𝜙′(𝐿𝑟) + 2(𝑧 − 𝐿𝑟)𝜙′2(𝐿𝑟)
)]

𝑑𝑧,

(17)

𝛽 =
∫ 𝐿𝑟+𝐿𝑚
𝐿𝑟

ℎ(𝑧)3𝑑𝑧

∫ 𝐿𝑟+𝐿𝑚
𝐿𝑟

ℎ(𝑧)𝑑𝑧
, (18)

ℎ(𝑧) = 𝜙(𝐿𝑟) + (𝑧 − 𝐿𝑟)𝜙′(𝐿𝑟), (19)

and 𝐶 = 2𝜁𝜔𝑛𝑀 , 𝐶𝑎 =
1
2𝜌∞𝑉∞𝐷𝑚𝐶𝐷𝛾 and 𝑀𝑎 =

1
4𝜌∞𝜋𝐷𝑚

2𝛾.
The equation of motion of the BWT (Eq. (14)) and the wake os-

cillator dynamics (Eq. (15)) can be solved by obtaining a state-space 
representation of the coupled system. Let us assume that 
𝑥1 = 𝑣̃, 𝑥2 = ̇̃𝑣, 𝑥3 = 𝑝̃, 𝑥4 = ̇̃𝑝. (20)

The coupled dynamical system can now be represented as, 
𝑥̇1 = 𝑥2 (21a)

𝑥̇2 = − 1
1 +𝑀𝑎∕𝑀

𝜔2
𝑛𝑥1 −

(

2
1 +𝑀𝑎∕𝑀

𝜁𝜔𝑛 +
𝐶𝑎

𝑀 +𝑀𝑎

)

𝑥2 (21b)

+1
4
𝐶𝐿0

𝜌∞𝐷𝑉∞2𝛾

𝑀 +𝑀𝑎
𝑥3 (21c)

𝑥̇3 = 𝑥4 (21d)

𝑥̇4 = −𝜔2
𝑠𝑥3 − 𝜆𝜔𝑠

(

𝛽𝑥3
2 − 1

)

𝑥4 +
𝑃
𝐷𝑚

𝑥̇2 (21e)

3. Power generation from vortex-induced vibrations of bladeless 
wind turbines

The power generated by a BWT depends on the mechanical power 
in the mast oscillation. Since the electrical power output is directly 
proportional to the mechanical power generated from vortex-induced 
vibrations, here we will only focus on the mechanical power output. For 
an oscillating BWT mast, the instantaneous mechanical power 𝑃  can be 
approximated as the total energy 𝐸 extracted by the BWT system from 
the free stream. Thus, 

𝑃 = 𝑑𝐸 =
𝑑𝑊𝑎 , (22)
𝑑𝑡 𝑑𝑡

4 
where 𝑊𝑎 is the total work done by the aerodynamic forces on the BWT 
system during lock-in. The aerodynamic forces on the BWT mast can be 
expected to create a force and moment at the BWT rod tip analogous 
to the equivalent free body systems presented in Fig.  1(b). Thus, 

𝑊𝑎 =
(

𝜙(𝐿𝑟)∫

𝐿𝑟+𝐿𝑚

𝐿𝑟

𝐹𝑓𝑑𝑧 + 𝜙′(𝐿𝑟)∫

𝐿𝑟+𝐿𝑚

𝐿𝑟

𝐹𝑓 (𝑧 − 𝐿𝑟)𝑑𝑧
)

𝑣̃(𝑡). (23)

Eq. (22) can be subsequently employed to obtain the extracted power. 
It is important to note that power extraction depends on both the 
aerodynamic forces and displacement, and also on their phase differ-
ence. Thus, suggestions for power extraction based only on BWT mast 
tip displacements [17] may not provide accurate results. Furthermore, 
power extraction based solely on mast tip displacement is not applica-
ble for BWT, where the whole mast’s mechanical energy is converted 
to electrical power.

Since the lift force and the mast velocity are periodic, the mechan-
ical power is better represented by its root mean square (RMS) value 
obtained over the oscillation period 𝑇 , 

𝑃RMS =

√

1
𝑇 ∫

𝑇

0
𝑃 (𝑡)2𝑑𝑡. (24)

The RMS pressure is obtained when the flow has developed a fully 
periodic nature. Its maximum value obtained during the onset of lock-in 
is thus the critical RMS pressure, 𝑃RMS,crit .

The maximum power that could be harnessed from the wind is given 
as, 

𝑃wind =
1
2
𝜌∞𝑉∞

3𝐷𝑚𝐿𝑚, (25)

The efficiency of the BWT can be estimated using the assumption that 
the generator output power is equal to the average mechanical power, 
since the BWT output power depends on the mechanical power of the 
mast. Eq.  (26) is employed to calculate the efficiency, 

𝜂 (%) = 100
(𝑃RMS,crit

𝑃wind

)

. (26)

4. Results and discussion

4.1. Modal analysis

We consider a BWT with mast material density 1850 kg/m3 and 
rod material density 1140 kg/m3. The rod diameter 𝐷𝑟 = 0.1 m and 
rod length 𝐿𝑟 = 0.25 m. A modal analysis of the BWT structure was 
performed for a range of BWT mast diameters 𝐷𝑚 = 0.25 m to 𝐷𝑚 = 0.75
m and BWT mast length 𝐿𝑚 = 0.8 to 𝐿𝑚 = 1.6 m. The modal analysis 
provided a large range of undamped natural frequencies to be used in 
the vortex-induced vibration analysis for a comprehensive parametric 
study of power output and efficiency of BWT operations. The undamped 
natural frequencies are presented in Fig.  2(a) for the range of BWT mast 
diameters and lengths considered in this study. The mode shapes for 
𝐿𝑚 = 0.8 m, 𝐷𝑚 = 0.25 m and for 𝐿𝑚 = 0.8 m, 𝐷𝑚 = 0.75 m are presented 
in Fig.  3. It can be observed that the mast demonstrates only rigid body 
motion from roughly 0.25 onwards along the normalized distance of 
the BWT. Although the mode shapes are normalized by their value at 
𝑧 = 𝐿𝑟 of the individual BWT masts, some differences are seen in the 
mast mode shapes for 𝐷𝑚 = 0.25 m and 𝐷𝑚 = 0.75 m. This is caused by 
the different rod tip slope for 𝐷𝑚 = 0.25 m and 𝐷𝑚 = 0.75 m as shown 
in the mast mode shape expression (Eq. (19)).

Larger BWT mast lengths and diameters were not considered here as 
they would lead to fully rigid BWT dynamical behaviour, not applicable 
for coupled elastic-rigid BWT structural dynamics modelling considered 
here. On the other hand, lower BWT mast diameters and lengths would 
lead to impractical wind speeds and operating conditions, as will be 
discussed in subsequent results.
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Fig. 2. Undamped natural frequency (Hz.) of the BWT for various mast length 𝐿𝑚 and 
diameters 𝐷𝑚 considered.

Fig. 3. Normalized mode shapes for 𝐿𝑚 = 0.8 m and 𝐷𝑚 = 0.25 m and 𝐷𝑚 = 0.75 m.

4.2. Vortex-induced vibration analysis

The lock-in phenomenon during vortex-induced vibration is ex-
pected near a reduced velocity 𝑉𝑟 = 5, 𝑉𝑟 = 2𝜋𝑉∞

𝜔𝑛𝐷𝑚
 as 𝜔𝑠 = 𝜔𝑛 at 

this condition [9,10]. Thus, a reduced velocity range of 𝑉𝑟 = 3.5 to 
𝑉𝑟 = 6.5 was considered to study the onset of lock-in for the range of 
BWT mast length and diameters. For each simulation, a time step of 
𝑇 ∕32 was considered for accurate temporal resolution of the response, 
where 𝑇  is the period for the undamped natural frequency of the 
BWT. Each simulation was continued for 150 periods to ensure that 
a fully developed periodic response could be achieved. Fig.  4 shows 
the temporal evolution of the BWT rod tip displacement 𝑣 normalized 
by the rod diameter 𝐷𝑟, for 𝐿𝑚 = 1.6 m and 𝐷𝑚 = 0.75 m. We can 
observe fully periodic solutions with near-stationary amplitude growth 
by 150 periods of oscillation. The oscillation amplitude was obtained 
at 𝑉𝑟 = 5.6, where the peak displacement amplitude was observed.

The fundamental physics of vortex-induced vibration lock-in can be 
described by the normalized structural displacement amplitude change 
with the reduced velocity [9,10]. We thus present the variation of the 
peak BWT rod tip displacement amplitude 𝐴𝑦, normalized by the rod 
diameter, with reduced velocities for varying mast length, mass ratio, 
critical wind velocity and mast diameters. This will provide insight 
5 
Fig. 4. Evolution of rod tip displacement over several periods of oscillation: 𝐿𝑚 = 1.6
m and 𝐷𝑚 = 0.75 m.

into how varying the BWT geometric properties affects the lock-in 
phenomenon.

Fig.  5(a) presents 𝐴𝑦 variation with reduced velocity for 𝐷𝑚 = 0.5
m. The mass ratio 𝑚𝑟 = (𝜇𝑟𝐿𝑟∕𝐿𝑚 + 𝜇𝑚)∕(𝜋𝜌∞𝐷𝑚

2∕4) for these BWT 
shapes and wind speeds is also provided in Fig.  5(a). A similar set of 
results for the normalized 𝐴𝑦 is presented in Fig.  5(b) for 𝐿𝑚 = 1.2
m and varying mast diameter. From these two plots, we can draw 
some general conclusions. First, the rod tip displacement increases with 
mast diameter and decreases with mast length. Second, the reduced 
velocity capture range always increases with the mass ratio. However, 
it is important to note that the true wind speed capture range might 
be different to the reduced velocity capture range, especially if the 
critical lock-in velocities change drastically with BWT shape parame-
ters. Thus, we will next look at the relation between the critical wind 
velocity, where maximum displacement amplitude is expected, and the 
corresponding BWT shape parameters. It is also important to note that, 
unlike some previous studies investigating mast tip displacement [17], 
rod tip displacement is more appropriate for investigating optimum 
BWT shape parameters. As expected from Fig.  3, the tip displacement 
will increase linearly with increasing mast length due to rigid body 
motion and may lead to wrong parameter sensitivity.

Similar to the previous results, the normalized rod tip displacement 
amplitude is presented over the range of reduced velocities for 𝐷𝑚 = 0.5
m and varying mast lengths in Fig.  6(a). The critical lock-in velocities 
𝑉𝑐𝑟𝑖𝑡 for these BWT shapes and wind speeds are also provided in Fig. 
6(a). A similar set of results for normalized 𝐴𝑦 is presented in Fig.  6(b) 
for 𝐿𝑚 = 1.2 m and varying mast diameter. Both these figures show 
that the rod tip displacement amplitude always increases with 𝑉𝑐𝑟𝑖𝑡. 
However, the sensitivity of tip displacement to 𝑉𝑐𝑟𝑖𝑡 varies with changes 
in 𝐿𝑚 and 𝐷𝑚. It must be noted that 𝑉𝑐𝑟𝑖𝑡 ∝

[

𝜔𝑛, 𝐷𝑚
]

. Thus, 𝑉𝑐𝑟𝑖𝑡 will 
change in a complex manner with changes to BWT mast length and 
diameter, leading to the complex sensitivity of the tip displacement to 
a change in BWT mast geometry.

Fig.  7(a) shows the 𝑉𝑐𝑟𝑖𝑡 variation with the complete range of 𝐿𝑚 and 
𝐷𝑚 considered here. The result also shows that the shape parameter 
space limit was selected in such a way that impractical wind speed 
conditions are not observed. The velocity range thus considered here 
is roughly 10 m/s to 30 m/s, which is within expected ranges. Fig. 
7(b) also shows the critical Reynolds number associated with these 
varying critical operating conditions and BWT shapes. We can see that 
for the smallest mast length and largest mast diameters, we reach 
Reynolds numbers higher than 3 × 105 that are beyond the application 
limit of the present wake-oscillation. Thus, we will need higher fidelity 
computational modelling for more accurate prediction of BWT response 
under such conditions. However, most of the parameter space is within 
acceptable Reynolds number ranges for the present wake-oscillator 
model applicability [10,23]. It is important to note that 𝑉𝑐𝑟𝑖𝑡 is the 
highest when the mast diameter is highest and the mast length is 
smallest. This can be explained by the fact that 𝑉𝑟 = 5 during lock-
in, irrespective of the lock-in velocity. Thus, at critical conditions, the 
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Fig. 5. Normalized rod tip displacement amplitude 𝐴𝑦∕𝐷𝑟 over the reduced velocity 𝑉𝑟 range with varying mass ratio 𝑚𝑟 as the mast diameter and length are changed.
Fig. 6. Normalized rod tip displacement amplitude 𝐴𝑦∕𝐷𝑟 over the reduced velocity 𝑉𝑟 range with varying critical wind velocity 𝑉𝑐𝑟𝑖𝑡 as the mast diameter and length are changed.
Fig. 7. (a) critical wind velocity 𝑉𝑐𝑟𝑖𝑡 m∕s, and (b) Reynolds number 𝑅𝑒𝑐𝑟𝑖𝑡, with varying mast diameter and length.
wind velocity is directly proportional to the natural frequency and 
mast diameter. As shown in Fig.  2, the natural frequency is highest 
at the lowest mast length and frequency. Thus, a combined effect of 
the frequency and diameter leads to the highest critical velocity at the 
lowest mast length, but the highest diameter.
6 
4.3. Analysis of output pressure and efficiency

The instantaneous power extracted from the vortex-induced vibra-
tions is presented in Fig.  8(a) at the critical wind speed for 𝐷𝑚 = 0.75
m and 𝐿 = 1.6 m. As noted earlier, a phase difference between the 
𝑚
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Fig. 8. For 𝐷𝑚 = 0.75 m and 𝐿𝑚 = 1.6 m: (a) pressure output from BWT critical vortex-induced vibrations, (b) normalized response of critical displacement, velocity and force.
Fig. 9. Effect of varying mast diameter and length on (a) RMS of power extracted by the BWT vortex-induced vibrations, and (b) efficiency 𝜂.
aerodynamic force and velocity is observed here, which is presented in 
Fig.  8(b). Such a phase difference depends on the damping ratio of the 
structure. For a large damping ratio, they are in phase, whereas a phase 
difference of almost 90◦ is observed for zero damping ratio. Thus, an 
RMS value of the instantaneous power is obtained over several cycles 
after 100 periods of oscillation when fully periodic motion is observed.

The maximum RMS power extracted by the BWT from vortex-
induced vibrations for various 𝐷𝑚 and 𝐿𝑚 is presented in Fig.  9(a). 
It can be observed that the extracted power always increases with 
increasing mast diameter and decreasing mast length. This can be 
easily explained as the maximum RMS power extracted depends on the 
critical aerodynamic force and displacement, with the force varying as 
a quadratic function of the critical velocity 𝑉𝑐𝑟𝑖𝑡. As Fig.  9(a) shows, 
𝑉𝑐𝑟𝑖𝑡 is the maximum for the highest mast diameter and the lower mast 
length. Overall, a power of over 600 W can be extracted for 𝐿𝑚 = 0.8 m 
and 𝐷𝑚 = 0.75 m, with the present BWT rod configuration and damping 
properties.

Similar to the RMS power, the efficiency of the BWT wind power 
extraction is also presented for varying 𝐷𝑚 and 𝐿𝑚 in Fig.  9(b). We 
can see that, similar to extracted power, the efficiency of wind power 
extraction also increases with mast diameter. However, the maximum 
efficiency is observed for the largest values of 𝐿𝑚. This can be explained 
by the fact that wind power is a cubic function of the critical wind 
velocity and would usually increase at one order of critical velocity 
magnitude higher than the extracted power by BWT vibrations. Thus, 
a higher increase in critical velocity at a lower mast length implies 
a higher increase in wind power. This leads to the BWT harnessing 
greater wind power at lower mast lengths but operating at a lower 
efficiency.
7 
Fig. 10. RMS of rod root bending stress 𝜎𝑅𝑀𝑆 (Pa) with varying mast diameter and 
length.

The condition for the highest power extraction of a BWT would also 
be the condition for the largest critical displacement and bending stress. 
Thus, the RMS of the maximum bending stress distribution of the BWT 
rod at its root is presented in Fig.  10 for varying values of mast length 
and diameter. The yield stress of the nylon used for modelling the BWT 
rod lies in the range of 40–60 MPa. Thus, the BWT mast configuration 



J. Breen et al. Renewable Energy 254 (2025) 123549 
Fig. 11. Changes in critical RMS root bending stress with critical extracted RMS for (a) selected 𝐿𝑚 for all mast diameters, (b) selective 𝐷𝑚 with all mast lengths.
of 𝐿𝑚 = 0.8 m and 𝐷𝑚 = 0.75 m, providing maximum power, would be 
structurally unsafe for operation.

Since the BWT mast configuration for maximum power extraction 
is unsafe from structural bending stress, we now compare how the 
RMS bending stress of the BWT compares with the maximum power 
extracted for conditions which lead to the peak responses. Thus, we 
compare how peak bending stress varies with peak power for the lower 
𝐿𝑚 values for all mast diameters in Fig.  11(a) and for the highest 
𝐷𝑚 with all mast lengths considered in Fig.  11(b), respectively. The 
general takeaway is that power extraction shows large sensitivity to 
𝐿𝑚 at 𝐿𝑚 = 0.8 m, with a much lower sensitivity observed for bending 
stress. On the other hand, both bending stress and power extractions 
show equal sensitivity to 𝐷𝑚, which is indicated by approximately 45% 
slope of the plot at 𝐷𝑚 = 0.75. Furthermore, the sensitivity of both 
bending stress and power extraction does not change with 𝐷𝑚. This 
indicates that reducing 𝐷𝑚 would be a better approach in general to 
avoid structural failure from large bending stress without a significant 
reduction of extracted power. The optimal BWT mast configuration is 
thus 𝐷𝑚 = 0.65 m and 𝐿𝑚 = 0.8 m, as it remains below the highest 
bending stress threshold of 60 MPa. The maximum possible power 
extracted is 460 W.

To further emphasize the benefit of selecting the configuration of 
𝐿𝑚 = 0.8 and 𝐷𝑚 = 0.65 (Fig.  11(b)) we compare it to another 
structurally safe configuration BWT configuration: 𝐿𝑚 = 1.2 and 𝐷𝑚 =
0.75 (Fig.  11(a)). The peak RMS power as well as the lock-in capture 
range of both these designs are shown in Fig.  12. It can be observed that 
not only does the BWT mast configuration with 𝐿𝑚 = 0.8 and 𝐷𝑚 = 0.65
show much larger peak power, but it also has a much larger capture 
range.

In summary, this research addresses several critical gaps in the 
current understanding and design of bladeless wind turbines. First, 
while previous studies have focused on either efficiency or power op-
timization in isolation, this work demonstrates the inherent trade-offs 
between these objectives and provides a unified framework for their 
analysis. Second, unlike existing approaches that rely on computation-
ally intensive CFD simulations or oversimplified analytical models, this 
study presents a balanced methodology that captures complex fluid–
structure interactions while remaining computationally tractable for 
broad parametric studies. Third, this research establishes, for the first 
time, quantitative relationships between BWT geometric parameters 
and structural safety limits, providing practical design guidelines that 
consider both performance and reliability. Fourth, through the coupling 
of a nonlinear wake oscillator model with elastic-rigid body dynam-
ics, this work reveals previously unrecognized dependencies between 
natural frequency, critical wind speed, and power extraction capac-
ity. Finally, the analytical framework developed here enables rapid 
8 
Fig. 12. Capture range of lock-in pressure RMS 𝜎𝑅𝑀𝑆 (Pa) for structurally safe BWT 
mast configurations.

exploration of BWT design spaces, making it particularly valuable for 
scaling up these devices from small-scale demonstrations to utility-scale 
applications. These contributions collectively establish a foundation for 
systematic BWT design optimization that balances theoretical rigour 
with practical implementation constraints.

5. Conclusion

This study presents a rigorous analysis of bladeless wind turbine 
(BWT) performance through a comprehensive framework that couples 
nonlinear wake oscillator modelling with elastic-rigid body dynamics. 
The computationally efficient yet accurate modelling framework pre-
sented here captures the essential physics of vortex-induced vibrations 
without requiring intensive CFD simulations. This enabled rapid explo-
ration of the design space and identification of key physical and design 
insights for BWT.

The investigation encompassed a broad parametric space of BWT 
geometries, examining their impact on power generation capacity, 
operational efficiency, and structural integrity. The developed ana-
lytical approach successfully identified optimal BWT configurations 
that balance maximum power extraction with structural safety con-
straints, demonstrating that a carefully designed BWT can generate 
up to 460 W while maintaining structural integrity under operational 
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conditions. The research established the fact that distinct geometric 
configurations will be obtained for maximizing BWT power output 
versus efficiency. The results reveal that these objectives cannot be 
simultaneously optimized, which provides an important insight into 
BWT design methodology. The study identifies a complex relationship 
between mast diameter and power generation, where increasing diame-
ter enhances both power and efficiency but may compromise structural 
stability. These findings have substantial implications for the future 
development of BWTs as viable renewable energy devices. They can po-
tentially enable the determination of specific geometric parameters that 
achieve optimal performance within safety limits, providing practical 
guidance for BWT implementation.

The analytical framework and design guidelines established here 
provide a foundation for scaling up BWT technology from small-scale 
demonstrations to utility-scale applications. Future research directions 
should focus on extending this analysis to arrays of multiple BWTs, in-
vestigating interference effects and optimal spacing configurations. Ad-
ditionally, the wake oscillator model could be enhanced to account for 
atmospheric turbulence and varying wind conditions, while experimen-
tal validation at larger scales would further verify the predicted per-
formance characteristics. The methodology developed here also opens 
possibilities for investigating advanced materials and adaptive geomet-
ric configurations that could further enhance BWT performance and 
reliability.
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Appendix. Modal analysis of BWT with classical beam theory

A general solution to Eq. (5) for the elastic BWT rod vibration can 
be presented as 
𝑣(𝑧, 𝑡) = 𝜙(𝑧)𝑣̃(𝑡), (A.1)

which can be solved via the separation of variables. A general expres-
sion for the spatial component 𝜙(𝑧) and the temporal component 𝑣̃(𝑡)
for free vibration of beams [32] can be written as
𝜙(𝑧) = 𝐴1 sin 𝜂𝑧 + 𝐴2 cos 𝜂𝑧 + 𝐴3 sinh 𝜂𝑧 + 𝐴4 cosh 𝜂𝑧, (A.2)

𝑣̃(𝑡) = 𝐵1 sin𝜔𝑛𝑡 + 𝐵2 cos𝜔𝑛𝑡, (A.3)

where the natural frequency of the BWT rod 𝜔𝑛 =
(

𝜂𝐿𝑟
)2
√

𝐸𝐼
𝜇𝑟𝐿𝑟

4 .

The free BWT vibration can be considered by analysing the free-
body diagram of the flexible cylinder with the inertial forces of the rigid 
mast being represented by a force-moment couple acting at the tip of 
the rod as shown in Fig.  A.13 with the following boundary conditions: 

𝑣(0, 𝑡) = 0; 𝜕𝑣
𝜕𝑧

(0, 𝑡) = 0, (A.4)

𝐸𝐼 𝜕
2𝑣

𝜕𝑧2
(𝐿𝑟, 𝑡) = −𝑀𝑚; 𝐸𝐼 𝜕

3𝑣
𝜕𝑧3

(𝐿𝑟, 𝑡) = 𝐹𝑚. (A.5)
9 
Fig. A.13. Free-body diagram of elastic BWT rod.

The tip force and moment 𝐹𝑚 and 𝑀𝑚 can be obtained from the 
inertial forces due to the BWT mast motion as follows, 

𝐹𝑚 = 𝑚𝑚 ̈̄𝑣𝑚; 𝑀𝑚 =
𝐿𝑚
2

𝑚𝑚 ̈̄𝑣𝑚 + 𝐼𝑚𝜃̈𝑚. (A.6)

Here 𝐼𝑚 is the moment of inertia of the mast about the 𝑥 axis and 
the displacement and rotation of the mast centre of mass, 𝑣̄𝑚 and 𝜃𝑚, 
respectively, can be written as, 
𝜃𝑚 = 𝑣′(𝐿𝑟, 𝑡) = 𝜙′(𝐿𝑟)𝑣̃(𝑡)

𝑣̄𝑚 = 𝑣(𝐿𝑟, 𝑡) +
𝐿𝑚
2

𝜃𝑚 = 𝜙(𝐿𝑟)𝑣̃(𝑡) +
𝐿𝑚
2

𝜙′(𝐿𝑟)𝑣̃(𝑡).
(A.7)

Combining Eqs. (A.5)–(A.7) with Eq. (A.3), we have 

𝐸𝐼
𝑑2𝜙
𝑑𝑧2

(𝐿𝑟) = 𝜔𝑛
2
(

𝐿𝑚
2

𝑚𝑚

(

𝜙(𝐿𝑟) +
𝐿𝑚
2

𝜙′(𝐿𝑟)
)

+ 𝐼𝑚𝜙
′(𝐿𝑟)

)

,

𝐸𝐼
𝑑3𝜙
𝑑𝑧3

(𝐿𝑟) = −𝜔𝑛
2𝑚𝑚

(

𝜙𝑖(𝐿𝑟) +
𝐿𝑚
2

𝜙′
𝑖(𝐿𝑟)

)

.
(A.8)

Eq.  (A.2) combined with the essential boundary conditions (Eq. (A.4)) 
leads to 𝐴4 = −𝐴2 and 𝐴3 = −𝐴1. These equations can be combined 
with Eq. (A.8) to develop an eigenvalue problem for obtaining the 
natural frequencies 𝜔𝑛𝑗  and corresponding mode shapes 𝜙𝑗 (𝑧), for the 
𝑗th mode of vibration, 
[

𝑄3 − 𝑒4𝑄2 − 𝑒3𝑄1 𝑄4 − 𝑒4𝑄3 − 𝑒3𝑄2
𝑄4 + 𝑒2𝑄1 + 𝑒3𝑄2 𝑄1 + 𝑒2𝑄2 + 𝑒3𝑄3

] [

𝐴1
𝐴2

]

=
[

0
0

]

, (A.9)

where

𝑒1 =
(

𝜂3𝐼𝑚
𝜇𝑟

)

, (A.10)

𝑒2 =
(

𝜂 𝑚𝑚
𝜇𝑟

)

, (A.11)

𝑒3 = 𝜂
𝐿𝑚
2

𝑒2, (A.12)

𝑒4 = 𝑒1 +
(

𝜂
𝐿𝑚
2

)2
𝑒2, (A.13)

and

𝑄1 = sin 𝜂𝑧 − sinh 𝜂𝑧, (A.14)

𝑄2 = cos 𝜂𝑧 − cosh 𝜂𝑧, (A.15)

𝑄3 = − sin 𝜂𝑧 − sinh 𝜂𝑧, (A.16)

𝑄4 = −cos 𝜂𝑧 − cosh 𝜂𝑧. (A.17)
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