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Abstract: Traditional tower galloping theory is founded on the quasi-steady assumption, which has
inherent limitations. By treating tower galloping as a single-degree-of-freedom crosswind bending
flutter problem and introducing flutter derivatives into the expression of the crosswind aerodynamic
force acting on the tower, the unsteady effects induced by motion can be incorporated into the analysis
of tower galloping. An actual chamfered square cross-section tower was used as the research subject,
and static tests and flutter derivative identification tests were performed on tower segment models
without any modifications and with two types of aerodynamic measures: added arc-shaped fairings
and vertical fin plates. Predictions of the aerodynamic damping of the tower structure were made and
compared based on two different galloping theories: one under the quasi-steady assumption and the
other considering unsteady effects. Experimental results indicate that both theories lead to the same
conclusion about the galloping stability of the chamfered square tower. The original cross-section
tower exhibited significant galloping instability problems, but the addition of arc-shaped fairings or
vertical fin plates effectively improved its galloping stability performance. The predicted results of
the tower’s aerodynamic damping based on the two different galloping theories differed by at most
34% at dimensionless wind speeds below 25. However, some differences were observed, and these
differences between the two theories were noticeably affected by the magnitude of the dimensionless
wind speed.

Keywords: tower column; galloping analysis; quasi-steady theories; unsteady effects; wind tunnel tests

1. Introduction

Tower structures that are highly flexible, lightweight, and have low damping, espe-
cially those with blunt cross-sections, often exhibit poor wind resistance and are susceptible
to galloping. Galloping is a divergent self-excited vibration that commonly occurs in struc-
tures with complex, irregular, non-streamlined cross-sections, such as square, rectangular,
and triangular cross-sections [1-3]. At supercritical wind speeds, the amplitude of the
structure can rapidly increase, resulting in galloping that is highly destructive [4]. One
prominent example of galloping-induced failure is the Tacoma Narrows Bridge collapse,
colloquially known as “Galloping Gertie”. This highlights the need for significant attention
to this phenomenon in engineering practice.

The galloping phenomenon in structures has been extensively investigated under
the quasi-steady assumption by numerous researchers. Shiraishi et al. [5] investigated
the fluid—structure interaction and flow-induced vibrations (FIV) in rectangular cylinders,
highlighting their susceptibility to galloping instability due to symmetry and simple cross
sections. Novak [6] and Parkinson and Smith [7] established the basis for understanding
galloping as a single-degree-of-freedom flutter, extending Den Hartog’s quasi-steady insta-
bility criterion to nonlinear systems. Nishimura [8] performed wind tunnel experiments
to determine the static aerodynamic force coefficients for rectangular sections, providing
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essential data for galloping analysis. Barrero-Gil et al. [9,10] mathematically analyzed how
key points on the force curve influence galloping behavior. Ng et al. [11] demonstrated that
a seventh-order polynomial adequately captures the galloping behavior of square cylinders,
including hysteresis, supporting the use of quasi-steady theory in predicting flow-induced
vibrations. Lindner [12] confirmed that the quasi-steady theory remains valid for galloping
in turbulent flows for certain prism geometries, reinforcing its applicability under specific
turbulent conditions. Joly et al. [13] showed that the quasi-steady model accurately pre-
dicts galloping at high mass ratios but fails at lower ratios, indicating its limitations in
capturing sudden changes in oscillation amplitude. Nakamura and Tomonari [14] identi-
fied a correlation between the critical depth and the onset of soft galloping in rectangular
prisms within the quasi-steady framework. Parkinson and Sullivan [15] demonstrated that
incorporating sectional force variation along the height of square-section towers improves
the accuracy of quasi-steady galloping predictions. Ruscheweyh et al. [16] developed a
model to predict galloping and vortex-induced vibrations, validated through full-scale
tests, providing better prediction parameters within the quasi-steady theory for practical
engineering use. Santosham [17] compared experimental results from wind tunnel tests on
rectangular cylinders with predictions of quasi-steady theory, supplying data for evaluating
theoretical models. Brooks [18] observed that rectangular cylinders with higher aspect
ratios experience galloping, while lower ratios tend toward vortex resonance, contributing
to the understanding of these behaviors under the quasi-steady assumption. Novak and
Tanaka [19] extended quasi-steady galloping theory to include drag-induced variations in
the angle of attack, finding that turbulence significantly increases galloping tendencies in
D-sections and rectangular sections. Parkinson and Wawzonek [20] examined the inter-
action between galloping and vortex resonance in towers, highlighting the limitations of
the quasi-steady theory. Jones [21] examined the coupled vertical and horizontal galloping
of iced conductors, providing equations that clarify the interaction between these motion
types under the quasi-steady assumption. Robertson et al. [22] conducted numerical simu-
lations on rectangular cross-sections with various length-to-width ratios to determine the
galloping tendencies of specific rectangular prisms.

However, several studies have highlighted the limitations of the quasi-steady assump-
tion and emphasized the importance of considering unsteady effects in galloping analysis.
Abdel-Rohman [23] developed a model incorporating unsteady wind effects in galloping
analysis, underscoring the limitations of the quasi-steady assumption in dynamic stability
predictions. Gao et al. [24] proposed a nonlinear unsteady galloping model, demonstrating
the critical role of unsteady aerodynamic damping in predicting instability at low wind
speeds, thus advancing beyond the quasi-steady framework. Mannini et al. [25-28] in-
vestigated unsteady galloping phenomena, identifying unsteady galloping in turbulent
flows and challenging the quasi-steady theory’s applicability under such conditions. Their
experiments demonstrated the limitations of the quasi-steady approach in predicting gal-
loping instability due to vortex shedding interaction and unsteady aerodynamic forces.
Liu et al. [29] proposed a novel time-varying flow pattern approach to enhance the un-
derstanding of transverse galloping in rectangular cylinders through unsteady analysis.
Sourav et al. [30] measured the transitional mass ratio at the onset of galloping for square
cross-section columns at a minimum Reynolds number of 150, emphasizing unsteady
effects at low Reynolds numbers. Claudia et al. [31] presented a method for structural
galloping stability analysis that incorporates nonlinear aerodynamic damping, highlighting
the significance of unsteady aerodynamic forces in predicting galloping instability.

Furthermore, some researchers have explored both quasi-steady and unsteady aspects
to provide a more comprehensive understanding of galloping mechanisms. Barrero-Gil
et al. [32] investigated galloping at low Reynolds numbers, identifying limitations in the
quasi-steady hypothesis—particularly when hysteresis is absent—and suggesting the need
for unsteady approaches. Borri et al. [33] showed that when VIV and galloping critical
velocities are close, a distinct vibration pattern emerges, highlighting the complexity in
predicting interactions between these phenomena and the necessity of incorporating both
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quasi-steady and unsteady theories. Corless and Parkinson [34] combined models for VIV
and galloping, revealing nonlinearities that occur when both oscillations coexist, thereby
improving predictions of structural response by integrating both theoretical approaches.
Tian et al. [35] applied numerical simulations to complex systems such as multi-span iced
eight-bundle conductors. Their analysis demonstrated how variations in span length,
wind velocity, and conductor configuration affect the dynamic response of these systems,
underscoring the importance of considering both quasi-steady and unsteady effects to
accurately predict structural stability under wind loads.

Most existing analyses of tower galloping are based on the quasi-steady assump-
tion [36], in which aerodynamic forces are considered quasi-steady. This means that the
crosswind aerodynamic forces acting on the tower depend only on the instantaneous rela-
tive velocity between the incoming flow and the structure, as well as the wind angle relative
to the structure. However, airflow around a vibrating structure generates unsteady aerody-
namic forces, even when the incoming flow is uniform, and the structural cross-section is
ideally streamlined. Therefore, relying exclusively on quasi-steady effects to analyze tower
galloping can result in discrepancies between theory and practice. Incorporating unsteady
effects into traditional quasi-steady theoretical calculations is essential for resolving this
type of galloping problem. In this study, flutter derivatives obtained from wind tunnel
experiments are incorporated into the calculation of the tower’s crosswind aerodynamic
forces, allowing the galloping analysis to include unsteady effects (broadly speaking, un-
steady aerodynamic forces include motion-induced self-excited forces, turbulence-induced
buffeting forces, vortex-induced forces, etc.; here, the focus is specifically on self-excited
forces in uniform flow, i.e., unsteady effects induced by motion). An actual tower structure
is employed as an example to comprehensively compare the similarities and differences be-
tween two theoretical analysis methods and experimental results for tower galloping—one
based on the quasi-steady assumption and the other including unsteady effects.

2. Two Theories of Tower Galloping Based on the Quasi-Steady Assumption and
Considering Unsteady Effects

2.1. Tower Galloping Theory Based on the Quasi-Steady Assumption

Den Hartog [36] first explained transverse galloping using a linearized quasi-steady
instability criterion, laying the foundation for future studies. Later, Parkinson and Smith [7]
extended this criterion to a nonlinear differential equation with a small damping term,
allowing theoretical predictions of post-critical behaviors in elastic systems. Quasi-steady
theory uses static force coefficients from a fixed (non-vibrating) body to estimate aerody-
namic excitations on a vibrating structure, effectively capturing the response of structures
like square cylinders under crosswind conditions.

2.1.1. Quasi-Steady Aerodynamic Forces in the Crosswind Direction

As depicted in Figure 1a, a uniform flow with velocity v flows perpendicularly (wind
angle is zero) over a slender tower structure. The tower itself experiences slight vibrations
in the crosswind direction (the Y-direction perpendicular to the incoming flow in the figure)
with a velocity y.

Applying the principle of relative motion, the tower is considered stationary, and the
incoming wind is viewed as flowing over this “stationary” tower with a relative wind angle
« and a relative velocity v,. As depicted in Figure 1b, « and v, are expressed as:

& = arctan(y/0), ve = \/ 02 + (¢)° (1)

Under these conditions, as illustrated in Figure 1c, the incoming wind generates a
drag force Fp(«) and a lift force F; («) per unit length on the tower, given by:

{ Fp(a) = 5pv2BCp(x) )
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where Cp(«),Cp («) are the drag and lift coefficients of the tower in the wind-axis coordinate
system, both based on the tower’s crosswind width B as the characteristic dimension.

The net aerodynamic force acting on the tower in the Y-direction, derived by combining
the projections of the drag force Fp () and the lift force Fy (), is the crosswind quasi-steady
aerodynamic force:

Fy(x) = —[Fp(a) sina + Fy () cos(a)] = f%pszcpy(a) 3)

where Cr, («) = (C + Cp tana) seca.
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larly over a slightly vibrating tower
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of relative motion Y y

Figure 1. Schematic diagram of the crosswind aerodynamic force on the tower column based on
quasi-steady theories.

2.1.2. Equation of Motion in the Crosswind Direction

With the expression for the crosswind aerodynamic force established, the tower’s
vibration equation in the crosswind direction can be readily derived using structural
dynamics principles:

my + 2mfwy + mw®y = Fy(x) (4)

where y represents the crosswind displacement of the tower, and m, {, and w denote the
equivalent mass, damping coefficient, and stiffness corresponding to the tower’s crosswind
vibration mode.

Assuming slight tower vibrations, a ~ y/v — 0 is approximated. F, is expanded
around a = 0 using a first-order Taylor series:

oF,
Fy(a) = F,(0) + a—;|a:0a + A(a?) (5)

where, F(0) is a constant term that does not vary with time and can be neglected in dynamic
response analysis; the term A(a?) represents the linear terms of a2 in the aerodynamic force,
with higher-order terms neglected. Therefore, F,(a) simplifies to:

oF,
Fy(a) ~ a—ay |0t (6)
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Differentiating Equation (3) with respect to F, yields the expression for the crosswind
quasi-steady aerodynamic force:

1 dcC .
Fy(w) = —5pvB(—* + Cp)y ?)
4
By substituting Equation (7) into Equation (4) and rearranging terms, the crosswind
vibration equation of the tower is obtained:

.. 1 dcC .
mij+ |2 + 5pvB(Z= +Cp) |y + me’y =0 (8)

2.1.3. Criteria for Galloping Stability and the Critical Wind Speed at Which
Galloping Occurs

The preceding equation aligns with the form of the free vibration equation for a single-
degree-of-freedom system. The coefficient preceding the velocity term y represents the net
damping of the tower system—that is, the sum of the tower’s mechanical damping and
aerodynamic damping—denoted as d;:

ds =2mlw + %pos )
dCr

where s is referred to as the galloping coefficient. If s > 0, then net damping ds > 0,
indicating that the tower’s vibrations will decay, and galloping divergence will not occur.
Only when s < 0 can the net damping become negative (ds < 0), leading to potential
divergent galloping instability in the tower. Therefore, having s < 0is a necessary condition
for galloping instability to occur in the tower.

When the system’s net damping ds = 0, the tower enters an undamped, constant-
amplitude vibration state, known as the critical state of galloping. At this point, using
Equation (9), the expression for the tower’s critical galloping wind speed based on the
quasi-steady assumption is derived:

dmiw
vp = — 4
psB

(11)

Analyzing the expression for the critical galloping wind speed %, it can be observed
that a smaller negative value of s (indicating a larger absolute value), leads to a lower v,
increasing the likelihood of galloping and indicating poorer tower stability. Conversely,
a larger negative value of s (i.e., the smaller its absolute value), improves the tower’s
galloping stability.

2.2. Tower Galloping Theory Incorporating Unsteady Effects

In Section 2.1, the crosswind aerodynamic force on the tower was assumed to rely
solely on the instantaneous relative velocity between the incoming flow and the structure,
as well as the wind angle relative to the structure. Theoretically, the tower’s galloping
may be modeled as a single-degree-of-freedom flutter problem involving lateral bending in
the crosswind direction. A uniform flow around a vibrating tower will generate unsteady
aerodynamic forces on the structure. Solely relying on quasi-steady factors in galloping
theory can cause discrepancies between theory and practice, thus making it crucial to
incorporate unsteady effects into galloping analysis.
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2.2.1. Unsteady Aerodynamic Forces in the Crosswind Direction

In calculating the flutter response of bridge structures, Scanlan [37] formulated the
unsteady aerodynamic forces acting on the main girder (as depicted in Figure 2a) as:

L =302 (2B) [KH ! + KH; & + K2Hja + K2H{ §

4 | (12)
M =}p0? (2B2) [KATE + KAZSE + K2Aja + K2AL]

where L and M represent the aerodynamic lift and moment per unit length acting on the

main girder. &, h are the vertical displacement and velocity, and «, « are the torsional
angle and angular velocity of the main girder’s vibration. B is the main girder’s width.
p is the air density (=1.225 kg/m?). v is the wind speed. K is the dimensionless reduced
frequency defined as K = wB/v, with w being the natural circular frequency of vibration.
The coefficients H/, A}, (i = 1,2,3,4) are dimensionless and dependent on K, known as
flutter derivatives or aerodynamic derivatives, which are determined through wind tunnel
tests on sectional models of the main girder.

v @ ﬁvl\{M Tower galloping v
— ’
/\ No torsional vibration E
| &
! '
B
B
(a) Two-degree-of-freedom wind-induced vibration (b) Single-degree-of-freedom lateral
model of the main girder considering vertical bending bending wind-induced vibration model of
and torsion the tower

Figure 2. Schematic diagram of the crosswind aerodynamic force on the tower column taking account
of unsteady effects.

By treating the tower’s galloping as a specific case of a flutter problem involving only
crosswind lateral bending vibration, Scanlan’s unsteady aerodynamic force expressions
can be applied to the tower’s galloping analysis. In this case, the tower experiences
only crosswind aerodynamic forces F, (see Figure 2b) without aerodynamic moments.
Additionally, the tower’s crosswind aerodynamic force is essentially equivalent to the
aerodynamic lift L acting on the main girder and can be represented using the same
formulas (see Equation (12)). Since the tower does not undergo torsional vibration, the
torsional angle and angular velocity are zero, eliminating the terms involving («, ) in the
aerodynamic force expressions. As a result, the tower’s crosswind aerodynamic force F
simplifies to:

1o B 1y

F, = %pvz(ZB) KH; Y + OKHfg +O0K2H; + K2H; 2| = %pvz(ZB) [KH*y + KZHZ% (13)

where, y and y represent the displacement and velocity of the tower’s crosswind vibration,
analogous to those in the main girder’s aerodynamic force expressions. B denotes the
tower’s characteristic width in the crosswind direction; all other symbols retain the same
meanings as in Equation (12).
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2.2.2. Crosswind Vibration Equation

With the expression for the tower’s crosswind unsteady aerodynamic force F, estab-
lished, the crosswind vibration equation accounting for unsteady effects can be
readily formulated:

mil + 2m{wy + mw'y = Fy = %pUZ(ZB) [Kle + KZHZZ} (14)
Bringing the right-hand term to the left side, the equation becomes:
. 1 5 w1 ) 2 1
my + ZmCa)—Epv (ZB)KH15 h+ |mw®—K H4§ h=0 (15)

This equation aligns with the form of a single-degree-of-freedom free vibration equa-
tion. The combined mechanical and aerodynamic damping preceding the velocity term
y represent the net damping of the tower system when unsteady effects are considered,
denoted as d,,, specifically:

dy = 2miw — %pvz(ZB)KHf% (16)

2.2.3. Galloping Stability Criterion and Critical Wind Speed

The tower’s galloping stability is assessed using the expression of net damping d,
in Equation (16) when unsteady effects are included: if Hf < 0, it ensures that d, > 0,
indicating that galloping instability of the tower will not occur. Only when H} > 0 can
the net damping become negative d,, < 0, leading to possible divergent vibrations in the
tower. Therefore, Hj > 0 is the necessary condition for crosswind galloping instability
of the tower when unsteady effects are considered. When d,, = 0, the tower’s structural
response shifts from stable to divergent, allowing for the determination of Hj at the critical
galloping state:
2m{
B2

; (17)

Through wind tunnel tests, the variation curve of H; with the dimensionless wind

speed V. for the tower cross-section can be obtained. The dimensionless wind speed is
defined as: "

V., = — 18

=75 (18)

where f denotes the natural frequency of the tower’s crosswind vibration. v and B retain

their previous meanings, representing the actual wind speed and the tower’s characteristic

crosswind width, respectively.

Using the tower’s H}-V, curve, the critical dimensionless wind speed V. at which
Equation (17) applies can be determined. Correspondingly, the critical galloping wind
speed is:

vg = fBVic (19)

This is the formula for calculating the tower’s crosswind critical galloping wind speed
when unsteady effects are included.

3. Static Tests and Flutter Derivative Identification Using a Chamfered Square Tower
Segment Model

The study is based on a single-column chamfered square cross-section tower from
a large-span cable-stayed bridge. A tower segment model was fabricated based on the
typical upper tower cross-section, scaled geometrically according to a specified ratio (1:30),
the model features a square cross-section with four symmetrical straight chamfers, both the
width and height of the model are equal, denoted as B = 0.1365 m, and the chamfer width
is denoted as L = 2.095 m, as illustrated in Figure 3 [38]. The static and flutter derivative
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identification tests of the tower segment model were carried out in the second test section
of the XNJD-1 industrial wind tunnel at Southwest Jiaotong University; this test section
features a rectangular cross-section measuring 2.4 m in width and 2.0 m in height. It is
equipped with sidewall supports and a force balance system designed for static testing of
segment models, along with a spring suspension device for flutter derivative identification.
The experiments were conducted using only uniform flow fields. Figure 4 displays the
segment model mounted on the wind tunnel’s support system.

Figure 3. Cross-section drawing of sectional model for the tower column and definition of wind
direction in tests.

Figure 4. Section model suspended in wind tunnel.

3.1. Static Tests on the Tower Segment Model
3.1.1. Segment Model Without Modifications

Initially, static tests were performed on the tower segment model over a wind direction
angle range of 0° to 45°, in increments of 1°. The wind direction angle « is defined as
illustrated in Figure 3: when the incoming wind is perpendicular to the right-angle side
of the chamfered square cross-section, it is defined as a 0° wind direction angle. When
the wind is perpendicular to the chamfered side of the cross-section, it is defined as a 45°
wind direction angle. Utilizing the wind tunnel’s force balance equipment, the average
drag Fp(wa) and lift F; («) per unit length were measured for each wind direction angle,
allowing for the calculation of the tower’s drag coefficient Cp () and lift coefficient Cr («)
using Equation (18):

Co(w) = Fp/ (300°B) (20)

Culw) = Fu/ (500°B) @1)
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where p = air density (=1.225 kg/m?3); B = 0.1365 m is the characteristic dimension of the
sectional model; and v = wind speed experienced at the model position, which remained
at a constant value of 15 m/s throughout the static force measurements, resulting in a
Reynolds number of 1.37 x 10°.

Figure 5 presents the variation curves of Cp and Cy, for the chamfered square tower
across wind direction angles from 0° to 45°. It is observed that the tower’s Cp exhibits
minimal fluctuation with varying wind direction angles. The C; shows a positive slope
between 6° and 45° wind direction angles, whereas an evident negative slope is present
between 0° and 6°, which adversely affects the structure’s galloping stability.

2.0+ A Cp

——CL

A AAAAA‘AAAAAAAAAAAAAAAAA
A
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—
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=
n
1

|
e
[V}
1

|
—
=

T T T T
0 5 10 15 20 25 30 35 40 45
Wind direction angle (°)

Figure 5. Test results of aerodynamic force coefficients for the tower column.

Having obtained the tower’s Cp and C|, values at each wind direction angle, the
galloping coefficient s versus wind direction angle is plotted using Equation (10) (see
Figure 6). It is observed that the tower’s galloping coefficient s remains positive between 6°
and 45° and becomes negative between 0° and 5°. Therefore, based on the quasi-steady
galloping stability criterion, the chamfered square tower under study may experience
galloping instability between 0° and 5° wind direction angles. Additionally, the s value
reaches its minimum at 0°, approximately —5.6, indicating that the tower exhibits the
poorest galloping stability under a 0° wind direction.

Galloping torce coetticient

0 5 10 15 20 25 30 35 40 45
Wind direction angle (°)

Figure 6. Test results of galloping coefficients for the tower column.



Buildings 2024, 14, 3707

10 of 18

3.1.2. Segment Model Incorporating Aerodynamic Modifications

By installing arc-shaped fairings with radius R equal to the chamfer width L (R =L)
or vertical fin plates with height i1 = L and thickness b = L/10 on the four chamfered
surfaces of the chamfered square tower (see Figure 7), static tests were conducted on the
tower segment model with these two aerodynamic modifications. These are common
aerodynamic measures that are also easy to install. Test results (Figure 8) indicate that
adding arc-shaped fairings reduces the drag coefficient Cp, whereas adding vertical fin
plates increases Cp. Nevertheless, both aerodynamic modifications effectively reduce the
descending trend of the lift coefficient C; in the negative slope region (i.e., they increase
the negative value of dCy. / (du)).

Arc-shaped fairing Vertical fin plate

/

AN

p L

(a) Installing arc-shaped fairings (b) Installing vertical fin plates

Figure 7. Sketch map of aerodynamic modifications.

—%— Cp (Without any modifications)
—O— Cp (With arc-shaped fairings)
]—2— Cp (With vertical fin plates)

—0.4 7 —*— CL (Without any modifiCa
—®— CL (With arc-shaped fairing

-0.8 —A— Cr (With vertical fin plates)
T T T T T

T T T T T T T T
=20 -15 -10 -5 0 5 10 15 20
Wind direction angle (°)

Figure 8. Comparison of aerodynamic force coefficients for the tower column before and after
installing aerodynamic modifications.

Using the aerodynamic coefficient test results, a comparison of the tower’s galloping
coefficient s before and after installing aerodynamic modifications was made (Figure 9).
It was observed that both arc-shaped fairings and vertical fin plates effectively increase
the s values in the —5-5° wind angle range where the chamfered square tower is prone to
galloping instability (i.e., s < 0). The improvement is particularly notable at the most critical
wind angle of 0°, where the s value increases from approximately —5.6 (without any mea-
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sures) to about —2.8 with arc-shaped fairings and about —1.3 with vertical fin plates. Based
on the galloping stability criterion and the critical galloping wind speed formula under
the quasi-steady assumption, it can be concluded that both aerodynamic measures—the
arc-shaped fairings and vertical fin plates—effectively enhance the galloping stability of
the chamfered square tower, particularly by significantly increasing the critical galloping
wind speed at the most adverse wind angle of 0°.

—%— Without any modifications
—O— With arc-shaped fairings
—&— With vertical fin plates

T T T T T T T T T T T T T T T T T
-20 -15 -10 -5 0 5 10 15 20
Wind direction angle (°)
Figure 9. Comparison of galloping coefficients for the tower column before and after installing
aerodynamic modifications.

3.2. Flutter Derivative Identification for the Tower Segment Model
3.2.1. Segment Model Without Modifications

To further analyze the galloping performance of the chamfered square tower using the
unsteady galloping theory, additional flutter derivative identification tests were performed.
The experiments were carried out at the most critical wind angle of 0°, employing the
free vibration time-domain identification method. Thin strings were attached to the end
plates on both sides of the tower segment model and extended outside the wind tunnel
walls. For each given wind speed, an initial displacement was imparted to the tower model
via the strings, which was then released to allow pure vertical free vibration. Sensors
mounted on the springs recorded the free decay response of the vertical bending motion.
Figure 10 presents the decay time-history curves of the model system at test wind speeds
of 0 m/s, 3.08 m/s, 9.95 m/s, and 152 m/s. The modal damping ratio of the system
evidently changes with increasing wind speed, displaying a trend of initially decreasing
and then increasing.

Figure 11 shows the H{-V, curve of the chamfered square tower without any aerody-
namic measures at a 0° wind direction angle. It is found that H; exhibits a “negative to
positive” change trend with increasing dimensionless wind speed V,: when Vi is small and
Hj < 0, the galloping stability criterion accounting for unsteady effects indicates that the
tower will not experience divergent vibrations. Beyond V. > 7, H} becomes positive and
increases significantly as V. increases. This indicates that aerodynamic damping begins
to negatively impact the net damping of the tower system. When H; surpasses a certain
critical positive value, the net damping becomes negative, leading to divergent crosswind
vibrations of the tower, i.e., entering a galloping state.
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Figure 10. Vertically free vibration decay curves of the sectional model system under different test
wind speeds.
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Figure 11. Flutter derivative H; versus reduced wind speed for the tower column without taking
any measures.

3.2.2. Segment Model with Aerodynamic Modifications

Arc-shaped fairings or vertical fin plates (see Figure 7) were installed on the four
chamfered surfaces of the tower, and flutter derivative identification tests were performed
under a 0° wind angle after implementing these two aerodynamic modifications. The
results (Figure 12) show that, after applying aerodynamic modifications, the tower’s Hy
still displays an overall trend of transitioning from negative to positive and decreasing then
increasing with increasing Vi, similar to the tower without modifications; however, both
the arc-shaped fairings and vertical fin plates significantly mitigated the increasing trend
of Hj in the positive region, effectively raising the dimensionless wind speed V. at which
divergent vibrations occur, thereby notably increasing the tower’s critical galloping wind
speed at a 0° wind angle.
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Figure 12. Comparison of flutter derivative Hj versus reduced wind speed with and without
aerodynamic measures.

To more clearly demonstrate the crosswind bending vibration characteristics of the
chamfered square tower before and after the two aerodynamic modifications, the variation
curves of the tower segment model system’s crosswind damping ratio with dimensionless
wind speed under a 0° wind angle were plotted (Figure 13). It is observed that, without
any modifications, the damping ratio of the tower model system decreases rapidly with
increasing V., approaching zero (the system’s inherent mechanical damping prevents the
total damping ratio from reaching zero or negative values), indicating that the crosswind
bending vibration of the chamfered square tower rapidly approaches the divergent critical
state with increasing wind speed. However, it was found that adding arc-shaped fairings or
vertical fin plates significantly mitigated the decreasing trend of the tower model system’s
crosswind bending damping ratio, further confirming that both aerodynamic modifications
effectively raise the critical wind speed at which the tower enters divergent crosswind
bending vibrations.
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Figure 13. Crosswind bending damp ratio of the sectional model system versus reduced wind speed.
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4. Comparison of Experimental Results Based on Two Different Galloping Theories for
the Tower

From the preceding analysis, it is evident that determining the total apparent damping
of the tower structure is critical in both the quasi-steady assumption-based and unsteady
effect-inclusive galloping theories, as it influences the assessment of the tower’s galloping
stability and the calculation of the critical galloping wind speed. The apparent damping
primarily includes two components: the tower system’s inherent mechanical damping
and the aerodynamic damping induced by the incoming wind. Mechanical damping is an
intrinsic characteristic of the tower structure and is a known constant. The main difference
between the two theories lies in their predictions of the crosswind aerodynamic damping;
under the quasi-steady assumption, the tower’s aerodynamic damping is given by the
following (see Equation (9)): when unsteady effects are included, the tower’s aerodynamic
damping is calculated as (see Equation (16)). To facilitate the comparison of aerodynamic
damping calculation results for the chamfered square tower between the two theories,
the aerodynamic damping formulas from both theories are rewritten as functions of the
dimensionless wind speed V. For the tower’s aerodynamic damping calculation under
the quasi-steady assumption, the formula can be rewritten as:

Cs = %pos = %prst* (22)

For the tower’s aerodynamic damping calculation including unsteady effects, the
formula can be similarly rewritten as:

cy = —%pvz(ZB)KHi‘% = —2mpfB*H; (V) (23)

where f denotes the natural frequency of the tower’s crosswind vibration. B = 0.1365 m
is the characteristic dimension of the sectional model. p is the air density, and none of
these depend on the galloping theory used. This study defines ¢/ (pfB?) as the tower’s
dimensionless aerodynamic damping per unit length c., namely:

_c
- ofB?

Therefore, the tower’s dimensionless aerodynamic damping under the quasi-steady
assumption is calculated as (derived from Equation (22)):

Cx (24)

When unsteady effects are included, the tower’s dimensionless aerodynamic damping
is calculated as (from Equation (23)):

o't = —2mH{ (Vy) (26)

The experiments have measured the galloping coefficient s values and the Hj -V
curves for the chamfered square tower without modifications and after applying two
aerodynamic modifications under a 0° wind angle; thus, using Equations (25) and (26),
a comparative analysis of the tower’s predicted dimensionless aerodynamic damping
based on the quasi-steady assumption and including unsteady effects can be conducted,
as illustrated in Figure 14. Since galloping occurs only when the aerodynamic damping is
negative, the comparison focuses solely on the negative aerodynamic damping predictions
from both theories.



Buildings 2024, 14, 3707

15 of 18

o

| |
— — | | | |
N S & A& N
S S S & S o

|
—
'S
=

Dimensionless aerodynamic damping Cx
NN
(=)
<>

ynamic damping Cx
5

|
e
=

—100

Dimensionless aerod

-120 -

| | | |
Y w [ —
= = =] =

Dimensionless aerodynamic damping Cx

|
n
=]

Dimensionless wind speed Vx

10 15 20 25 30 35 40 45

— Results based on the

quasi-steady theory

Experimental data with unsteady effects considered
Fitted curve with unsteady effects included

(a) Without any modifications

Dimensionless wind speed Vs«

5 10 15 20 25 30 35

40

— Results based on the
quasi-steady theory

Experimental data with unsteady effects considered
Fitted curve with unsteady effects included

(b) With arc-shaped fairings
Dimensionless wind speed Vx
10 15 20 25 30 35

40

— Results based on the
quasi-steady theory

Experimental data with unsteady effects considered

— Fitted curve with unsteady effects included

(c) With vertical fin plates

Figure 14. Comparison results of aerodynamic damping predicted by two different galloping theories.
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The data in the figure reveal that the aerodynamic damping predictions for the cham-
fered square tower with three different configurations (no modifications, with arc-shaped
fairings, and with vertical fin plates) align relatively well between the two galloping the-
ories. However, there are noticeable differences between the two predictions, which are
significantly influenced by the dimensionless wind speed. The experimental results for all
three tower types generally exhibit the following difference: when the dimensionless wind
speed V. is small, the absolute value of the negative aerodynamic damping predicted by the
quasi-steady galloping theory is larger than that from the unsteady galloping theory. When
Vi exceeds a certain critical value (or range), the absolute value of negative aerodynamic
damping from the quasi-steady theory becomes smaller than that from the unsteady theory.
This suggests that, at smaller dimensionless wind speeds Vi, the quasi-steady galloping
theory provides a more conservative assessment of the tower’s galloping stability com-
pared to the unsteady galloping theory. Conversely, at larger dimensionless wind speeds V.
beyond a certain critical value, the quasi-steady galloping theory offers a more conservative
assessment of the tower’s galloping stability than the unsteady galloping theory.

5. Conclusions

(1) The conventional tower galloping theory is founded on the quasi-steady assump-
tion, which possesses inherent limitations. By treating tower galloping as a special case of
a single-degree-of-freedom lateral bending flutter problem and using flutter derivatives
to represent the crosswind aerodynamic forces acting on the tower, unsteady effects in-
duced by motion are incorporated into the galloping analysis. Under these circumstances,
the necessary condition for galloping instability in the tower is that the flutter derivative
Hj > 0. For towers susceptible to galloping, the specific critical galloping wind speed can
be determined from the Hj -V, (dimensionless wind speed) variation curve.

(2) For the chamfered square tower examined in this study, the galloping coefficient
s attains its minimum value at a wind angle of 0°, and it is negative. Regarding the
flutter derivative Hy of the tower at a 0° wind angle, it transitions to positive values with
increasing dimensionless wind speed V.. Based on the galloping stability criteria from both
theories, it is evident that the chamfered square tower may undergo galloping instability at
a 0° wind angle.

(3) Installing arc-shaped fairings or vertical fin plates on the chamfered surfaces of the
chamfered square tower effectively enhances its galloping stability. This is manifested in
the galloping coefficient by markedly increasing the negative s value of the tower, while
for the flutter derivatives, it effectively reduces the growth trend of Hj in the positive
value region.

(4) The experimental results from both galloping theories—based on the quasi-steady
assumption and accounting for unsteady effects—exhibit a certain level of consistency.
However, some differences are evident, and the disparities between the two theories are
considerably affected by the dimensionless wind speed V. At smaller dimensionless wind
speeds Vi, the quasi-steady galloping theory tends to give a more critical assessment of the
tower’s galloping stability compared to the unsteady galloping theory; conversely, at higher
dimensionless wind speeds V. beyond a certain critical value (or range), the quasi-steady
galloping theory offers a more conservative evaluation of the tower’s galloping stability
compared to the unsteady galloping theory. These findings are valid for the model tower
considered in this study. To generalize the results, additional towers should be tested under
the same theories.
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