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ABSTRACT: To address the vibration issues of wind turbine towers, this paper proposes a bidirectional tuned bellow
liquid column damper (BTBLCD). The configuration of the proposed BTBLCD is first described in detail, and its
energy dissipation mechanism is derived through theoretical analysis. A refined dynamic model of the wind turbine
tower equipped with the BTBLCD is then developed. The vibration energy dissipation performance of the BTBLCD
in multiple directions is evaluated through two-way fluid-structure coupling numerical simulations. Finally, a 1/10
scaled model of the wind turbine tower is constructed, and the energy dissipation performance of the BTBLCD is
validated using a shaking table test. The results show that the vibration energy dissipation performance of the BTBLCD
outperforms that of the bidirectional tuned liquid column damper (BTLCD) in multiple directions. The shaking
table test and dynamic response analysis demonstrate a maximum reduction of 61.0% in acceleration and 47.9% in
displacement response. Furthermore, the vibration control and energy dissipation performance of the BTBLCD are
influenced by the direction and amplitude of vibrations. This study contributes to the development of more effective
and versatile vibration mitigation strategies for wind turbine tower structures in various engineering scenarios.

KEYWORDS: Structural durability; vibration control; bidirectional tuned bellow liquid column damper; energy
dissipation; dynamic response

1 Introduction

As a mature renewable energy source, wind energy plays a crucial role in clean energy, and there has
been significant growth in global wind power installations over the past two decades [1]. A key challenge
in the development of taller wind turbines is reducing the structural dynamic response to environmental
loads. Specifically, wind turbine structures may experience excessive vibrations due to dynamic excitations,
which can ultimately compromise the turbine survivability, stability, and fatigue lifespan. Numerous studies
have highlighted seismic activity as a significant factor contributing to damage in wind turbine structures,
especially when compared to wind loads during routine turbine operation [2,3]. To address these challenges,
various structural damping methods have been proposed, categorized into three groups based on the level
of energy dissipation: active, semi-active, and passive control methods [4]. Active and semi-active control
methods reduce vibrations by monitoring structural responses in real-time and adjusting damper parameters
accordingly. However, the implementation of these two control strategies depends on a continuous power
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supply and control systems, which may result in delayed system responses and an increased risk of failure.
In contrast, passive control systems do not require external power for operation; instead, control forces
are generated through the motion of the structure. Consequently, many researchers have identified passive
control methods as the most feasible approach for vibration control in wind turbines [5-8]. Traditional
passive dampers, such as Tuned Mass Dampers (TMD) [5], Tuned Liquid Damper (TLD) [6], and Tuned
Liquid Column Damper (TLCD) [7,8], have been extensively studied and implemented to enhance the
stability of wind turbine towers.

The frequency of the TMD is tuned to match the controlled frequency of the main structure. This tuning
ensures resonance between the TMD and the structure, effectively transferring and dissipating a significant
portion of the vibrational energy. Extensive research has been conducted on the application of TMDs in wind
turbine structures. Si et al. [9] analyzed the parameters of TMDs and concluded that smaller stiffness and
damping coefficients enhance the damping effectiveness. Wang et al. [10] investigated the influence of seismic
excitations on the control effectiveness of TMDs. Although the damping effect of the TMD is significant,
the oscillation of the mass may impose impacts or pressures on the tower inner wall, increasing the risk of
local instability in the tower structure. In contrast to the TMD, the TLD consists of a tube partially filled with
liquid, and the sloshing liquid helps to dissipate and absorb vibrational energy [11-14]. Since the tube remains
stationary during damper operation, it eliminates the risk of impacting the tower internal wall. Many studies
have explored different geometric shapes of TLDs for wind turbines, such as spherical [11], annular [12], and
rectangular [13], and experimentally or numerical simulations [14] have verified the effectiveness of these
TLDs in reducing wind turbine tower vibrations. Achieving effective damping with a TLD often requires a
large size and mass. This design alters the tower mass distribution and can significantly impact the stability
and fatigue life of the tower structure. To address the challenges posed by the excessive size and mass of
TLDs, researchers have proposed the TLCD, which modifies the tube shape to a U-shaped tube partially
filled with liquid. Buckley et al. [15] developed a TLCD method that incorporates soil-structure interaction,
effectively suppressing structural vibrations in wind turbine towers through theoretical modeling, parametric
numerical simulations, and scale model experimental validation. Ding et al. [16] employed real-time hybrid
simulation (RHS) techniques to demonstrate that the experimental scale of toroidal tuned liquid column
dampers (TTLCDs) has a negligible influence on control efficiency, whereas increasing the length ratio
significantly enhances performance. Lu et al. [17] conducted shaking table tests to verify the vibration
mitigation effectiveness of TLDs and TLCDs on offshore wind turbine support structures, achieving up to
70% reduction in acceleration response. Colwell et al. [18] were the first to propose using a single TLCD to
mitigate tower vibrations caused by varying wind speeds. Mensah et al. [19] divided a single TLCD into two
smaller-volume TLCDs to control vibrations of wind turbine tower structures. Hemmati et al. [20] observed
that in the shutdown state of wind turbines, the TLCD system outperforms the TMD. In real engineering
scenarios, seismic forces applied in a single direction cause multi-directional vibrational responses at the
tower top due to the coupled dynamic characteristics of the structure [21,22]. For highly flexible wind turbine
tower structures, resonance may occur when the seismic frequency matches the tower natural frequency,
significantly amplifying vertical responses [23]. Rozas et al. [24] proposed a Bidirectional Tuned Liquid
Column Damper (BTLCD) to provide damping in both directions and mitigate seismic responses. While
theoretical and numerical studies indicate that TLCDs are effective in reducing undesirable vibrations in
wind turbine tower structures, conventional tuning methods for TLCDs are often limited and may fail to
meet the requirements under complex conditions.

This study introduces a novel passive vibration control device, the Bidirectional Tuned Bellow Liquid
Column Damper (BTBLCD), which is based on the design concept of the BTLCD [23] and incorporates
bellow structures. The bellow structure increases the surface area and friction between the liquid and
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the tube, generating turbulence at the crest of the structure during operation. This turbulence enhances
the additional damping effect and improves the overall vibration control performance. The BTBLCD
offers superior energy dissipation, flexible frequency tuning, and increased adaptability due to its design.
Compared to the TMD [25], the BTBLCD utilizes liquid column head loss and turbulence dissipation, has a
smaller mass, covers a broader frequency range, and eliminates the risk of mechanical collisions. In contrast
to the traditional BTLCD, which relies on the oscillation of the U-shaped tube liquid column and whose
energy dissipation efficiency is limited by laminar friction, the BTBLCD improves displacement vibration
reduction by 2.0%-12.6% and the acceleration vibration reduction by 2.5%-15.2% through the bellow design.
Although active-passive hybrid systems (e.g., semi-active TLCD) can achieve dynamic frequency tuning,
they rely on external energy and control systems, resulting in high maintenance costs. As a passive system,
the BTBLCD offers superior reliability in harsh environments [26,27]. Additionally, the bellow structure
facilitates the adjustment of the damper natural frequency, enabling a more precise match with the structure
vibration frequency, thereby further enhancing the damping effect. This paper provides a comprehensive
analysis of the BTBLCD structure and damping mechanism, validating its energy dissipation performance
through dynamic response analysis and shaking table testing.

This study is organized into six sections. Section 2 describes the structure of the proposed BTBLCD and
its damping mechanism. Section 3 develops a kinetics model of the wind turbine tower structure equipped
with the BTBLCD and conducts dynamic response analysis. Section 4 analyzes the dynamic response
results. Section 5 validates the effectiveness of the BTBLCD through shaking table testing. Finally, Section 6
presents the concluding remarks.

2 Description of the Bidirectional Tuned Bellow Liquid Column Damper
2.1 Designing of the BTBLCD

The diagram of the wind turbine structure equipped with the proposed BTBLCD is presented in Fig. 1.
The device consists of two vertically intersecting U-shaped bellows partially filled with viscous fluid. To
prevent the pressure from affecting the sloshing amplitude of the fluid, the tube remains unsealed. The
bellows structure improves the energy dissipation performance of the device while enabling vibration control
in both horizontal and vertical directions. The displacement and acceleration responses at the top of the wind
turbine tower are most pronounced during seismic events due to the coupled dynamic characteristics of the
flexible structure. To optimize vibration control, the BTBLCD is designed to be mounted on a platform using
high-strength bolts. The platform is positioned 2 m below the top of the wind turbine tower structure.

The BTBLCD is an enhancement of the BTLCD, incorporating the bellow structure. Fig. 2 illustrates
the sectional views of both the BIBLCD and BTLCD. The inclusion of the bellow structure enhances the
frequency tuning flexibility and energy dissipation capability of the BTBLCD compared to the BTLCD,
allowing it to adapt to various wind turbine tower structures and environmental conditions.

The bidirectional vibration control structure of the BTBLCD features a maintenance access passage
within the wind turbine tower, as shown in Fig. 3, with dimensions of 800 mm, meeting the specified
requirements [28].

Initially, the maintenance access passage may have been designed at the center of the tower structure.
However, as the BTBLCD is installed on a platform approximately 2 m below the top of the tower,
maintenance personnel can access the BTBLCD or enter the wind turbine nacelle by utilizing detour ladders
or other means.
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Figure 1: BTBLCD and installation position
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Figure 2: Section views of BTLCD and BTBLCD

Figure 3: Maintenance channel of wind turbine

2.2 Derivation of Damping Mechanism

The energy dissipation in the BTBLCD can be categorized into three primary components. The first
component is the energy dissipation associated with the BTLCD. The second component arises from the
increased contact area between the liquid and the tube, which is a result of the bellow structure of the
BTBLCD, leading to higher viscous friction energy dissipation. The third component is the energy dissipation
caused by turbulence in the liquid at the crests of the bellows within the BTBLCD.
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The motion of the liquid within the BTBLCD is defined by u,, and u,,, which represent the displace-
ments of the liquid relative to the tower structure in the X and Y directions, respectively. The motion of
the tower structure is described using the degrees of freedom x and y, which measure the relative motion
between its mass and the ground in the X and Y directions, respectively. The equations of motion for the
system can then be derived using the Lagrange equations [24,29]:

d(aT) oT E)V_Qi N W

_ —-— 4 — =
dt E)ql aq, aq,

where T and V represent the total kinetic energy and total potential energies of the system, g; is the i-th
generalized coordinate, Q; is the generalized force associated with g;, and ¢ is time.

Assuming the fluid is incompressible and that the transverse velocity distribution of the liquid is
constant, it follows that the fluid flow is turbulent. On the other hand, the dissipative forces associated with
the BTBLCD are induced by the flow and can be categorized into three parts. The first and most significant
part arises from the orifice or restriction located at the midpoint of the horizontal pipe. The second part is
due to frictional resistance, while the third is the result of the abrupt change in flow direction at the corners
of the device. These dissipative forces can be expressed as [24]:

1 s . . .
Qix = EPfT]A |udx| Ugx — Cyx = caxtigy — CiX, 2)
1 . . . . .

where 7 denotes the flow resistance coefficient. As shown in Eqs. (2) and (3), the forces Q. and Qy, are
nonlinear. For design purposes, these forces are represented by linear equivalents using the coefficients ¢,
and c4,. The dissipated energy of the BTBLCD in the first component can be expressed as:

t t
EP=f0 (lel"‘dx)dt'"‘/0 (Qlyudy)dt- (4)

The bellow structure of the BTBLCD enhances energy dissipation in the second component by
expanding the contact area between the liquid and the pipe wall. Assuming that the liquid flow within the
pipeline and is in a laminar state (as in when the fluid velocity is low), the frictional force between the pipe
wall and the fluid can be described by the Darcy friction factor, with the pressure loss given by:

S pv?
Ap=f——, 5

P=f57 (5)
where f is the Darcy friction factor, S is the pipe length, D is the internal diameter of the pipe, p is the
fluid density, and v is the average velocity of the fluid. Assuming that the shape of the bellow is a regular
semicircle, the length S of the BTBLCD increases by nr — 2r compared to the BTLCD within one bellow
interval (between two adjacent peaks), where r represents the bellow radius. The energy dissipation in the

second component can thus be written as:

nr = 2r pv? nD?
D 2 4

where z denotes the number of bellows through which the fluid flows within the BTBLCD. The bellow
structure of the BTBLCD extends the flow path of the liquid along the pipe wall, enhancing energy dissipation
due to viscous friction.

EF = Zf > (6)
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Energy dissipation in the third component of the BTBLCD primarily arises from the turbulence gener-
ated by the bellow structure during damper operation [30]. According to the generalized Kairman-Howarth
equation, this occurs in the absence of assumptions of uniformity and isotropy [31]:

% <|5u|2> +Vr ((811 +6U) |8u|2> =P*+T*+D* +vV; <|5u|2) - 4¢”, )
t

where P*, T* and D* are terms that result from the turbulence production by the mean flow and Reynolds
stresses, turbulent transport is expressed in terms of spatial gradients of correlations between velocity
fluctuations and both energy and pressure fluctuations, along with viscous diftusion in space u is the
fluctuating velocity field at a given point in space and time. At sufficiently high Reynolds numbers, the
two-point viscous diffusion term vV? <|6u|2> can be neglected compared to —4¢*. In the turbulent region,
the integral scale L of the turbulent velocity fluctuations is observed to be less than or comparable to the
length scale characterizing spatial variations in mean flow statistics. At high Reynolds numbers, small-scale
motions evolve much faster than the time scale of overall turbulence, placing them in a statistically steady
state [31]. The energy dissipation rate and the energy dissipation in the third component of the BTBLCD can
be expressed as:

e=Ck’/L, (8)
t
Er= nfo e(t)dt, 9)

where ¢ represents the dissipation rate of turbulent kinetic energy k?, C, is a constant, £ denotes the internal
length scale, and n refers to the number of wave types in the BTBLCD where turbulence occurs. The velocity
of viscous liquid flows rapidly at the wave crests, and when the Reynolds number is sufficiently high, the
constant is independent of the Reynolds number.

In summary, during the operation of the BTBLCD, in addition to the energy dissipation of the BTLCD,
the bellow structure elongates the flow path of the liquid along the pipe wall, thereby inducing significant
viscous friction and variations in flow velocity. Furthermore, turbulence may occur in the vicinity of the
bellow regions, contributing to the increased energy dissipation in the second and third components of the
BTBLCD. The energy dissipation of the BTBLCD can be expressed as follows:

E=Ep+Es+Er. (10)

During operation, the flow pattern of the viscous fluid within the damper is classified into turbulence
and laminar flow. Fig. 4 provides a detailed diagram of the bellow structure. Turbulence occurs in the bellow
section of the pipe, while laminar flow is observed in the middle sections.

The natural frequency of the BTBLCD is mainly determined by the length of the liquid column. The
natural frequency w  of the liquid column can be calculated using the following formula [32,33]:

a)f = — (11)

where k represents the stiffness of the liquid column, and 1 denotes the mass of the liquid.

The stiffness of the liquid column can be expressed as:

20A
P

, (12)
Leysy
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where p is the density of the liquid, A is the cross-sectional area of the liquid column, g is the acceleration
due to gravity, and L, is the length of the liquid column.

The mass of the liquid can be expressed as:
mf = pALeff. (13)

The natural frequency of the BTBLCD can be tuned by adjusting the height of the liquid column
and its mass. By adjusting the length of the horizontal pipe L and the height of the vertical pipe H, and
changing the length of the liquid column L,ss = 4H + 2L, the natural frequency of the BTBLCD can be
tuned. Additionally, the BTBLCD can influence the extension of the flow path by adjusting the bellow radius
r and the bellow spacing I, thereby fine-tuning the frequency by correcting the liquid column length L/ =
L, fft AL.

N A S i —

& I 7 ! =
Smooth wall area ! \

Figure 4: Detail of bellow construction

3 Dynamic Response of Seismic Excitations
3.1 Kinetics Model of the Wind Turbine with BTBLCD

The model used in this study is based on a 2.0 MW wind turbine. As shown in Fig. 5, the tower height
is 81.5 m, constructed from a conical hollow steel tube. The bottom diameter of the tower is 4.1 m with a wall
thickness of 25 mm, tapering to a top diameter of 2.5 m and a wall thickness of 15 mm. The wall thickness of
the tower decreases linearly with height. In the modeling process, the nacelle, hub, and blades were simplified
as a concentrated mass of 60 t. The BTBLCD consists of vertical and transverse pipes, containing a viscous
fluid. The primary design parameters include the internal pipe diameter D, vertical pipe length H, horizontal
pipe length L, bellow spacing [, bellow radius r, and liquid level height h. As shown in Table I; the bellow
radius r is proportional to the pipe diameter D and the vertical pipe length H is proportional to the horizontal
pipe length L.
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Figure 5: Finite element model diagram

Table 1: Geometric parameters of the specimen

Parameters Size

D 400 mm
r 1/8 D

L 1000 mm
H 1/2 L
h
)

500 mm
100 mm

3.2 Boundary Conditions Design

The U-shaped bellows are made of resin epoxy, with water as the viscous fluid and Q345D steel as the
material of the tower, as detailed in Table 2.

Table 2: Physical parameters of material

Materials  Density kg/m’ Young’s modulus GPa Poisson’s ratio

Resin epoxy 1160 3.78 0.3
Q345D 7850 210 0.3
Water 998.2

The device is fixed on the platform 2 m below the top of the wind turbine tower structure in the dynamic
response process. Furthermore, three different seismic excitations are applied to the base of the wind turbine
tower structure, and the displacement at the base in the Y direction is constrained. Lateral and vertical
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loads are applied to the base of the wind turbine tower in the dynamic response test to evaluate the energy
dissipation performance of the BTBLCD in both main and lateral seismic directions. Given the geometric
symmetry of BTBLCD, its energy dissipation performance in both the main seismic direction and the lateral
seismic direction can be considered as multi-directional energy dissipation. Additionally, in order to ensure
consistency between the test scheme for dynamic response analysis and the subsequent shaking table test
where loads are applied in a single direction, the dynamic response analysis in this study omits lateral loads
and vertical stresses [34,35]. The BTBLCD and BTLCD are designed with 100% airflow permeability and
0% water permeability at the openings. This design ensures that the water within the liquid column remains
contained during vibration, preventing any loss due to damper oscillation, thereby maintaining the stability
of the liquid mass within the system. This stability not only prevents frequency drift but also ensures the
reliability and consistency of performance comparisons between the BTBLCD and BTLCD.

This paper conducts dynamic response analysis of the uncontrolled wind turbine, as well as the
BTBLCD-wind turbine and the BTLCD-wind turbine. Seismic excitations from EI Centro, Kobe, and Taft are
applied to the base of the wind turbine tower. The multi-directional dynamic response analysis of the wind
turbine is performed by adjusting the installation positions of the devices. As shown in Fig. 6, the vibration
control directions of the BTBLCD are defined as the main seismic direction and the lateral seismic direction,
based on the seismic loading direction along the X-axis of the coordinate system. The proposed device is
capable of controlling bidirectional vibrations under seismic excitations along the X-axis. The bidirectional
structure of the BTBLCD allows for optimal vibration control in both the seismic excitation direction and
the perpendicular direction when aligned with the main seismic direction. Additionally, the device achieves
optimal vibration control at an angle of 45 relative to the seismic excitation direction when aligned with the
lateral seismic direction.

Main seismic vibration direction

&

Lateral seismic vibration direction

Figure 6: Model directions
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4 Dynamic Response Results Analysis
4.1 Effects of Vibration Damping

Displacement and acceleration time histories were monitored at the top of the wind turbine tower
structure. The peak vibration reduction rate and standard deviation vibration reduction rate of displacement
and acceleration were used as criteria for evaluating energy dissipation performance. The corresponding
formulas are presented below:

QB = M, (15)
or
Py - P
Op= - T (16)
Pr

The standard deviation of displacement and acceleration is calculated using Eq. (14 ), where o represents
the standard deviation, N is the number of data points in a time series; x; refers the data of displacement
or acceleration in the time series; and w is the average value of the time series data. The standard deviation
dynamic response reduction for displacement and acceleration is calculated using Eq. (15), where 0p
represents the standard deviation dynamic response; o7 is the standard deviation with the damper installed;
and oy is the standard deviation in the uncontrolled state. The peak dynamic response reduction for
displacement and acceleration is calculated using Eq. (16), where 0 is the peak dynamic response; Py is the
peak with the damper installed; and Pyy is the peak in the controlled state.

This paper does not focus on parametric studies but primarily investigates the effect of incorporating the
bellow structure on energy dissipation performance. Fig. 7 illustrates the dynamic response graphs of peak
displacement and standard deviation for wind turbines equipped with BTBLCD and BTLCD under seismic
excitations from EI Centro, Kobe, and Taft. As shown in Fig. 7, the BTBLCD-wind turbine demonstrates
superior energy dissipation performance in both directions under all three seismic excitations. According
to Table 3, compared to the uncontrolled state, BTBLCD reduces the peak displacement of the structure by
18.7%-43.9%, the standard deviation of the displacement is reduced by 45.3%-58.7%, the peak acceleration
is reduced by 28.9%-39.3%, and the standard deviation of the acceleration is reduced by 39.1%-59.6%.

The increase in the dynamic displacement and acceleration response reduction for the BITBLCD-wind
turbine compared to the BTLCD-wind turbine in the lateral seismic direction is more significant than that
in the main seismic direction. As shown in Table 3, this may be attributed to the lower number of bellows in
the main seismic direction, which limits the full utilization of energy dissipation performance compared to
the lateral seismic direction.

As described in Section 2, BTBLCD provides more energy dissipation mechanisms than BTLCD.
Consequently, under all three seismic excitations, the damping effects of the BTBLCD-wind turbine are
significantly superior to those of the BTLCD-wind turbine in both the main and lateral seismic directions.
Compared to the BTLCD-wind turbine, the displacement vibration reduction rate of the BTBLCD-wind
turbine increased by up to 12.6%, while the acceleration vibration reduction rate improved by up to 11.4%, as
detailed in Table 4.
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Figure 7: Simulated vibration reduction rate

Table 3: Simulated vibration reduction rate of BTBLCD

Peak displacement Standard deviation Peak acceleration  Standard deviation
displacement acceleration
Main Lateral Main Lateral Main Lateral Main Lateral

direction direction direction direction direction direction direction direction

EI Centro  42.7% 43.9% 56.8% 58.7% 38.1% 39.3% 58.3% 59.6%
Kobe 18.7% 20.6% 45.3% 46.5% 28.9% 34.0% 39.1% 39.9%
Taft 37.6% 38.9% 46.7% 479% 37.8% 39.3% 55.1% 56.3%

Table 4: Simulated increase in vibration reduction rate

Peak displacement Standard deviation  Peak acceleration Standard deviation
displacement acceleration

Main Lateral Main Lateral Main Lateral Main Lateral
direction direction direction direction direction direction direction direction

EI Centro 11.6% 12.6% 10.6% 10.2% 10.0% 10.9% 6.5% 7.7%
Kobe 5.7% 7.3% 9.4% 10.4% 5.4% 10.4% 5.7% 7.3%
Taft 7.0% 8.2% 8.8% 10.6% 9.7% 11.2% 10.1% 11.4%

When the excitation is applied along the main seismic direction, the number of bellows along the liquid
column flow path of the liquid column in the BTBLCD is reduced compared to the excitation condition
in the lateral seismic direction excitation, resulting in leading to a decrease in damping efficiency and a
relative weakening of the system’s system energy dissipation performance. Data from in Table 5 indicates
indicate that under the lateral seismic excitation, the vibration reduction rate of the BTBLCD-wind turbine
shows an increase in the displacement vibration reduction rate by 1.2%-1.9% and in the acceleration vibration
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reduction rate by 0.8%-5.1%, compared to the excitation of along the main seismic direction. This parameter
difference visually clearly reflects the significant impact of different excitation directions direction on the
damping effectiveness.

Table 5: Simulated increase in vibration reduction rate of different direction

Peak Standard deviation Peak Standard deviation
displacement displacement acceleration acceleration
EI Centro 1.2% 1.9% 1.2% 1.3%
Kobe 1.9% 1.2% 5.1% 0.8%
Taft 1.3% 1.8% 1.5% 1.2%

4.2 Analysis of Viscous Liquid

The sloshing of the viscous fluid inside the BTLCD and BTBLCD at the 20th second under the EI
Centro in the main seismic direction is illustrated in Fig. 8. The arrows indicate the direction of fluid flow.
From Fig. 8, it can be observed that there are significant differences in the sloshing patterns of the viscous
fluid inside both systems at the 20th second. Specifically, the geometric features of the bellow structure in the
BTBLCD have a significant effect on fluid behavior, especially near the bellow region, where the turbulence
effects of the fluid are more pronounced compared to the non-bellow design of the BTLCD. This enhanced
turbulence phenomenon complicates the movement pathways of the fluid during the sloshing process and
significantly increases the dissipation of mechanical energy within the system.

Direction of liquid motion in the BTLCD Direction of liquid motion in the BTBLCD
= - : =

Figure 8: Vibration of viscous fluid at the 20th second under EI Centro
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From the perspective of vibration control, this additional energy dissipation mechanism effectively
enhances the system’s efficiency in absorbing and converting vibrational energy. The formation of complex
fluid pathways and the intensification of turbulence facilitate the conversion of more mechanical energy into
thermal energy or other forms of internal dissipation, thereby significantly improving the energy dissipation
performance of the system. Consequently, the design of the BTBLCD not only optimizes the energy dissipa-
tion process but also demonstrates exceptional performance in suppressing structural vibrations, making it
more suitable than the BTLCD for efficient damping applications in complex vibrational environments.

5 Test Vibration and Results Analysis
5.1 Test Model Design

To accurately assess the energy dissipation performance of the BTBLCD, this study conducted a shaking
table test. Fig. 9 shows the scaled model for the 81.5 m high wind turbine tower. The geometric similarity
ratio of the wind turbine tower model is determined to be 1/10 (model/prototype), based on factors such
as dimensions, load capacity, and the maximum allowable acceleration, velocity, and displacement of the
shaking table. The top plate has a diameter of 250 mm, the bottom plate has a diameter of 280 mm, and the
height is 600 mm. Since the test model uses the same physical parameters as the dynamic analysis model,
including the same steel material, the similarity ratio for the elastic modulus is set to 1. Other similarity ratios
are derived through dimensional analysis [36], and the primary ratios are provided in Table 6.

BTBLCD BTLCD

. Tower segment model

(a) tower model (b) The resin models of BTLCD and BTBLCD

Figure 9: Test device

Table 6: Main similarity coefficient

Physical quantity Dimension Similarity coefficient

Length L 1/10
Elastic modulus FL™? 1
Mass FLT'T? 1/867
Time T 0.1826
Frequency T! 5.4772

Acceleration LT 1
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In the shaking table test, the mass of the BTBLCD was approximately 0.6 kg, with a mass ratio of 7.0%,
requiring the addition of extra weight. At the start of the test, a 4.0 kg mass block was added to the top of the
tower model, resulting in a mass ratio of 4.7%, which meets the required specifications. To achieve a 5% mass
ratio between the device and the tower model, additional counterweights were added to the tower model [28].
To objectively and accurately compare the energy dissipation performance of BTBLCD and BTLCD, the
liquid column heights for both devices were set to be identical. Furthermore, to prevent the test results from
being affected by liquid mass loss due to device vibration, both BTBLCD and BTLCD maintained a liquid
column height of 0.4 H throughout the test. After each excitation loading cycle, the liquid was emptied and
refilled to 0.4 H to eliminate the effects of evaporation on liquid mass. Fig. 8 shows the physical diagrams
of the BTBLCD, BTLCD, and the tower models. The top of the tower model is equipped with eight reserved
bolt holes, as shown in Fig. 9b, which allow for switching the devices between the primary seismic direction
and lateral seismic direction by altering their installation positions. The tower model is made of Q345D steel,
and its main physical parameters are listed in Table 7. The BTBLCD and BTLCD models are fabricated using
transparent resin materials through 3D printing, with the physical parameters of the resin models provided
in Table 8.

Table 7: Main physical parameters of the tower model

Physical quantity Parameters
Density 7850 kg/m’
Elastic modulus 2.1 x 10" N/m?
Poisson’s ratio 0.3

Mass of the tower model 8.559 kg

Table 8: Main physical parameters of the resin model

Physical quantity Parameters
Density 1160 kg/m’
Elastic modulus 3.7 x 10° N/m?
Poisson’s ratio 0.3

Mass of the BTBLCD 0.242 kg
Mass of the BTLCD 0.228 kg

5.2 Shaking Table Test Scheme

A sweep frequency analysis was performed on the tower model, which revealed that the first-order
frequency of the tower model was excited at a vibration frequency of 4.9 Hz, with the amplitude in the X-
direction reaching its maximum. To investigate the energy dissipation performance of the BTBLCD under
extreme conditions, sine waves within the frequency range of 4-5 Hz were generated using MATLAB and
introduced as a third excitation, distinct from the EI Centro and Kobe.

In this test, excitation loads, including two seismic waves (EI Centro and Kobe) and sine waves, were
applied in the X-direction at the base of the tower model. The loading intensity for each waveform was
uniformly set to 1.5 g. Each set of excitations corresponded to three states: the uncontrolled tower model,
the BTLCD-tower model, and the BTBLCD-tower model. After each loading, a waiting period was provided
to allow the structure to return to stability before starting the next loading. Once the loading of a waveform
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set was completed, a white noise sweep frequency analysis was conducted, followed by the replacement of
the devices for the next loading [37,38]. Specifically, the loading sequence for each group consisted of: the
uncontrolled tower model, the BTLCD-tower model, and the BTBLCD-tower model. In total, six excitation
groups were applied, three aligned with the primary seismic direction and three aligned with the lateral
seismic direction.

This study investigates seismic control in the X-direction of the tower model. As depicted in Fig. 10, three
monitoring points were established for this shaking table test, including both acceleration and displacement
monitoring points [39]. These monitoring points were located at the top of the model. The test demonstrated
the damping effect of the BTBLCD-tower model in both the primary and lateral seismic directions by
modifying the installation positions of the BIBLCD and BTLCD. The WS-Z30-50 series small precision
vibration table system used in this test consists of a shaking table, an electromagnetic vibrator, a data
acquisition and control unit, a 500 W power amplifier, a charge amplifier, and control software. During
the test, acceleration data were recorded using the INV9821 piezoelectric sensor, and data were collected
with the INV3060 series network data collector at a sampling frequency of 100 Hz. Displacement data were
monitored using the HG-C1100 micro laser displacement sensor, with data acquisition conducted by the
DH5921 dynamic data acquisition instrument, also at a sampling frequency of 100 Hz.

- J—;
- 1

WS-Z30-50 control system

Bidirectional TBLCD HG-C1100

i

e 3

e e—— --‘ |

Figure 10: Test equipment

5.3 Analysis of Test Results

Comparing displacement time histories is a straightforward approach for evaluating vibration control.
Since the peak displacement of the BTBLCD-tower model under the EI Centro exceeds that under Kobe,
reaching 22.04 mm, the displacement time history under EI Centro was selected to investigate the rela-
tionship between the energy dissipation performance of the BIBLCD and the vibration amplitude of the
tower model. The displacement time history curve in the primary seismic direction under EI Centro is
shown in Fig. 11. It is evident that as the vibration amplitude increases, the damping effect of the BTBLCD
becomes more pronounced. This result demonstrates the effectiveness of the BTBLCD in providing damping,
especially under larger vibration amplitudes, thus emphasizing its energy dissipation capacity.
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Figure 11: Displacement time history

The test data indicate that the BTBLCD-tower model demonstrates superior energy dissipation perfor-
mance, as shown in Fig. 12. The energy dissipation performance data are summarized in Table 9. Compared
to the uncontrolled state, the BTBLCD reduces peak displacement by 15.5%-22.6%, standard deviation of
displacement by 23.3%-33.7%, peak acceleration by 34.3%-61.0%, and standard deviation of acceleration
by 31.6%-59.0%. Data analysis reveals that the energy dissipation performance of the BTBLCD is more
effectively demonstrated under large-amplitude sine wave excitation. Specifically, the dynamic displacement
and acceleration responses of the BTBLCD-tower model are reduced more significantly under sine wave
excitation than under EI Centro and Kobe. The vibration reduction rates for displacement and acceleration
in the BTBLCD-tower model also outperform those in the BTLCD-tower model. As shown in Table 9, under
three different excitations, the increase in vibration reduction rate for the lateral seismic direction of the
BTBLCD-tower model is generally superior to that in the main seismic direction. The specific increases in
the vibration reduction rate of the BTBLCD-tower model are presented in Table 10.

The test results confirm that the BTBLCD provides more significant damping effects than the BTLCD
under various seismic excitations. This difference is primarily attributed to the larger pipe wall friction
coefficient of the BTBLCD and the turbulence effects generated by the bellow structure design, which
enhance the longitudinal damping force. These design features enable the BTBLCD to more effectively absorb
and dissipate structural vibration energy, leading to superior energy dissipation performance.
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Figure 12: Test vibration reduction rate

Table 9: Test vibration reduction rate of BTBLCD

Peak displacement  Standard deviation Peak acceleration  Standard deviation
displacement acceleration
Main Lateral Main Lateral Main Lateral Main Lateral

direction direction direction direction direction direction direction direction

EI Centro  15.5% 23.5% 32.3% 33.7% 44.1% 46.0% 31.6% 32.4%
Kobe 15.9% 18.6% 23.3% 24.5% 59.8% 34.3% 38.6% 42.6%
Sine wave  21.5% 22.6% 29.7% 32.6% 61.0% 43.9% 59.0% 41.0%

Table 10: Text increase in vibration reduction rate

Peak displacement Standard deviation Peak acceleration  Standard deviation
displacement acceleration

Main Lateral Main Lateral Main Lateral Main Lateral
direction direction direction direction direction direction direction direction

EI Centro  2.0% 3.9% 2.5% 2.9% 3.7% 5.4% 7.0% 6.3%
Kobe 4.9% 4.6% 2.5% 2.9% 6.9% 2.5% 3.0% 4.9%
Sine wave  4.2% 10.1% 4.5% 10.2% 15.2% 8.9% 8.3% 12.0%

In the shaking table test, when the excitation direction is along the main seismic direction, the number
of bellows along the liquid column flow path is fewer than when the excitation direction is along the lateral
seismic direction, resulting in relatively weaker energy dissipation performance. As shown in Table 11, the
vibration reduction rate of the BTBLCD-tower model under lateral seismic excitation is superior to that
under main seismic excitation. The energy dissipation characteristics of the BTBLCD observed in dynamic
response analysis differ from those obtained from the shake table test. This discrepancy is primarily due to
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the significantly larger vibration amplitudes encountered in wind turbine dynamic analyses compared to the
scaled tower model tested on the shake table.

Table 11: Test increase in vibration reduction rate of different direction

Peak Standard deviation Peak Standard deviation
displacement displacement acceleration acceleration
EI Centro 8.0% 1.4% 1.9% 1.2%
Kobe 2.7% 1.2% -25.5% 4.0%
Sine wave 4.7% 2.9% -171% -18.0%

Displacement time histories serve as critical diagnostic tools for amplitude evaluation, as demonstrated
in Fig. 13. Under the same excitation intensity of EI Centro, the BTBLCD wind turbine exhibited a maximum
displacement of 500 mm at the tower top in dynamic response analysis, whereas the BTBLCD tower model
demonstrated a peak displacement of 23 mm at its apex during the shake table test. Given the amplitude-
dependent nature of the BTBLCD energy dissipation characteristics, the device demonstrates superior

energy dissipation performance in large-amplitude dynamic analyses compared to small-amplitude shaking
table tests.
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Figure 13: Time history under EI Centro

The time histories under sine wave excitation for the BTBLCD-tower model, BTLCD-tower model,
and uncontrolled tower model are shown in Fig. 14. Fig. 14a,b demonstrates that the BTBLCD-tower model
exhibits superior displacement energy dissipation performance compared to the BTLCD-tower model under
sine wave excitation. Particularly, during the time interval from 5 to 75 s, when the vibration amplitude is
larger, the bellow structure in the BTBLCD induces more significant turbulent phenomena due to the higher
liquid flow velocity, thereby enhancing the damping effectiveness [31]. The BTBLCD-tower model also shows
a more pronounced damping effect than the BTLCD-tower model during phases with smaller vibration
amplitudes. As shown in Fig. 12¢,d, the acceleration energy dissipation performance of the BTBLCD-tower
model under sine wave excitation in the lateral seismic direction is superior to that in the main seismic
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direction. Additional structural elements are involved in the damper’s operation to increase the number
of turbulence events, thereby enhancing energy dissipation performance. Specifically, an increase in n
within the energy dissipation component of the BTBLCD (as described in Section 2, Eq. (9)) results in a
substantial improvement in overall energy dissipation. This leads to the BTBLCD-tower model exhibiting
superior energy dissipation performance in the lateral seismic direction. Fig. 12a,b demonstrates that the
energy dissipation performance of the BTBLCD-tower model under maximum amplitude sine excitation is
significantly superior to that under the smaller amplitude EI Centro.
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Figure 14: Test time history curve under sine wave

The test results confirmed that the BTBLCD demonstrated reliable and stable energy dissipation
performance under three different excitations and both in the direction of the main seismic and in the
lateral seismic direction. Firstly, compared to the single energy dissipation mode of BTLCD [24], the
BTBLCD exhibited superior energy dissipation performance due to the bellow structure, it can increase
energy dissipation in the second and third components of the device during operation. Secondly, under
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larger amplitude excitation, BTBLCD fully demonstrates its damping superiority as the increased excitation
amplitude induces greater liquid flow velocity within the device, which generates enhanced turbulent effects
and consequently leads to amplified energy dissipation [31]. Finally, the BTBLCD exhibited better energy
dissipation performance in the lateral seismic direction than in the main seismic direction, primarily due to
the greater turbulent effects generated in the lateral direction, which increase the energy dissipation in the
second and third components.

The reduction in dynamic response observed in the tests was less pronounced than that predicted by
the dynamic response analysis in Section 3. As demonstrated in the work by Yalla et al. [33] on nonlinear
liquid dampers, the quadratic relationship between flow velocity and energy dissipation provides a theoretical
foundation for the turbulence-induced energy dissipation observed in BTBLCD systems. This discrepancy
can be attributed to the vibration amplitude of the BTBLCD. Under the same excitation, the amplitude
at the top of the wind turbine tower structure is significantly larger than that at the top of the tower
model. Therefore, the bellow structure of the BTBLCD can generate more intense turbulent effects at larger
amplitudes, leading to better energy dissipation performance.

6 Conclusions

This study aims at seismic vibration control of slender and flexible wind turbine tower structures,
proposing a novel passive control device, the BTBLCD. Initially, the paper introduces the detailed design
and energy dissipation mechanism of the BTBLCD. The energy dissipation performance of the BTBLCD
is further analyzed through two-way fluid-structure coupling numerical simulations. Finally, the numerical
simulation results are validated through shaking table tests. Dynamic response analysis and shaking table
tests demonstrate that the device achieves maximum reductions of approximately 59.6% in dynamic
acceleration responses and 58.7% in dynamic displacement responses. However, directional differences
emerge as a significant characteristic, with comparative results revealing enhanced vibration reduction rates
in the lateral seismic direction, specifically showing 8.0% greater displacement reduction and 5.1% higher
acceleration mitigation compared to the primary seismic direction. Moreover, under sine wave excitation,
the device demonstrates a performance improvement of 6.1% in dynamic displacement control and 27.4% in
acceleration, indicating a positive correlation between vibration intensity and energy dissipation efficiency.
This comprehensive experimental validation confirms the adaptive dissipation mechanism of the BTBLCD
while highlighting its orientation-sensitive and amplitude-modulated operational features.

Additionally, while the BTBLCD demonstrates notable energy dissipation capabilities, there are critical
limitations that require further investigation, particularly in parameter optimization and performance
validation under extreme operational conditions. Current implementations show sensitivity to geometric
parameters such as bellow radius and bellow spacing, where suboptimal configurations may compromise
turbulence generation and nonlinear damping effects. Furthermore, while laboratory-scale testing under
simulated seismic loads shows promise, there is a lack of full-scale validation under combined wind-wave-
earthquake loading. Nevertheless, the device shows significant potential for application in next-generation
super-tall wind turbines. Its inherent maintenance-free operation and corrosion resistance further enhance
its suitability for offshore environments. Future research should focus on establishing a parametric opti-
mization framework combining computational fluid dynamics and topology optimization to systematically
analyze the interdependencies between bellow geometry, liquid viscosity, and dissipation efficiency across
operational spectra. Concurrently, hybrid system development must address control algorithm synchroniza-
tion challenges between the passive damping of the BTBLCD and active mass dampers. These advancements
could position the BTBLCD as a transformative solution for gigawatt-class offshore wind energy systems,
addressing current technological gaps in adaptive vibration control.
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