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ABSTRACT

This study examines the aerodynamic performance and surface pressure distribution features of circular
and helical fillet stay cables when subjected to wind using wind tunnel testing. The research seeks to clarify
the aerodynamic performance disparities between conventional circular stay cables and helical fillet cables,
providing valuable insights into their appropriateness for cable-supported structures exposed to wind-
induced vibrations. The study initially investigates the aerodynamic efficiency of circular and helical fillet
cables. Afterward, the wind tunnel captures the distribution of surface pressure on both cable surfaces.
The findings suggest that circular stay cables may undergo cable dry galloping, whereas helical fillet cables
demonstrate stability when subjected to wind forces. Furthermore, there are noticeable differences in the
surface pressure distribution patterns between circular stay cables and helical fillet cables. Circular stay
cables provide a symmetric distribution of pressure, with uniform pressure magnitudes along their
surfaces, forming a symmetric pattern. On the other hand, helical fillet cables exhibit modified airflow
patterns, leading to asymmetric pressure on the cable surface. Furthermore, the dry galloping observed in
circular cables is attributed to the presence of low-frequency components. In contrast, helical fillet cables
exhibit a more regulated incidence of low-frequency vortices, making them less prone to wind-induced
vibrations.

Keywords-surface pressure distribution; wind tunnel test; circular surface; helical fillet; symmetric
distribution; asymmetric distribution

I.  INTRODUCTION

An essential part in designing and analyzing cable-
supported bridges and transmission lines is understanding how
circular stay cables behave when subjected to wind loads. It is
crucial to comprehend the distribution of surface pressure along
these cables to guarantee their stability and safety while
exposed to wind forces. Authors in [1-2] established the basis

for comprehending vibrations caused by wind in cables,
highlighting factors such as cable diameter and wind velocity
as the main factors influencing the wire's reaction. Follow-up
studies [3-8], further explored the aerodynamic properties of
circular cables, emphasizing the importance of surface pressure
distribution in impacting the structural response to wind loads.
Historical records document occurrences of stay cables
vibrating due to the interaction of rain and wind, both during
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bridge building and after its completion [3, 9-12]. Recent
studies have shown that cables can experience excitation even
without rain, a phenomenon known as dry galloping [13-19]. In
fact, the cable vibration can lead to fatigue in the cable
anchoring [3, 14, 20]. Various solutions have been developed
to diminish cable vibration caused by wind or rain and wind
combined. One approach is to utilize external dampers to
enhance the damping of stay cables and subsequently mitigate
stay cable vibration [21-24]. Concurrently, the other
approaches employ alterations to the cable surface to enhance
aerodynamic stability [25-29]. Helical fillets, and especially the
narrow ones, are an effective method for lessening oscillations
induced by rain and wind since they can prevent the creation of
rain rivulets. In addition, they disrupted the flow, thereby
reducing vibrations induced by vortices [25]. Authors in [25,
26] reported that the implementation of narrow helical fillets
can effectively mitigate vibrations resulting from rain and wind
and that appropriate helical fillet spacing is necessary to
properly manage vibrations produced by rain and wind.
Nevertheless, the surface pressure distribution characteristics of
these cables did not yield any valuable information. Authors in
[27] offered test examples demonstrating the effectiveness of
helical fillets in preventing vibrations due to rain and wind.
Authors in [28] conducted tests to visually demonstrate the
patterns of flow in the cable wake using smoke visualizations.
Remarkably, wind tunnel tests revealed that the presence of
small diameter helical fillets effectively inhibited the axial-flow
on the downwind side of the stay cable, particularly at lower
wind velocities. The results showcased the efficacy of helical
fillets in mitigating axial flow, a contributing factor to
vibrations induced by rain and wind. Authors in [14] proposed
the use of a large-sized helical fillet to reduce the occurrence of
stay cable dry galloping. According to their research, it was
found that the best size for a helical fillet to prevent dry
galloping is approximately 1/15 of the cable diameter. This is
observed at pitch pitches of two to three times the cable
diameter, as evidenced in Figure 1 [14]. Nevertheless, the
mitigating mechanism has not yet been elucidated.
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Fig. 1. Helical fillet cable model.

More research is required to fully comprehend the helical
fillet stay cables' suppression process. Further investigation is
especially needed into the features of surface pressure
distribution during the wind-induced vibration of circular
cables and the way in which helical fillets prevent this from
happening. Therefore, the use of wind tunnel testing to solve
these concerns is the main goal of this work. Initially, both
circular and helical fillet cables will have their wind-induced
vibration under dry circumstances examined. The distribution
of surface pressure during cable dry galloping will then be
noted.

II. WIND-TUNEL EXPERIMENTS

A. Wind-Tunnel Test (WTT)

The trials were carried out at the wind-tunnel facility of
Yokohama National University, Japan. The wind tunnel
features a functional space with dimensions of 1.3 m in both
width and height. The device has the capability to achieve a
maximum wind speed of around 20 m/s, which corresponds to
a Reynolds number of up to 10°.

Figure 2 demonstrates the spring system utilized to support
the cable models during testing. This arrangement enabled
vertical oscillations to occur in a configuration with just one
degree of freedom. This configuration was deployed to take the
cable models through these tests. The studies were conducted
using a uniform and steady flow, ensuring a turbulence
intensity of 0.6% was maintained during the entire operation.
The current wind tunnel test employed a stay cable model with
a diameter of 86 mm and a Scruton number of 28.2. The cable
model is configured with a yaw angle of 50°. The cable model
system operates at a fundamental frequency of 1.72 Hz. The
Scruton number is a dimensionless metric utilized to quantify
the mass and damping characteristics of a bluff body in this
table. In this study, the Scruton number was defined as:

2mé
Se="p2 1)
where 0 is the logarithmic decrement of the cable model, p is
the air density (kg/m®), and m is the mass of the cable per unit
length (kg/m).

Furthermore, the helical fillet model utilized identical
dimensions with those of the circular cable. The size of the
helical fillets is 1/15 times the diameter (D), while the pitch is
twice the diameter (2D). Table I provides a comprehensive
summary of the WTT parameters.
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Fig. 2. Wind tunnel set-up.
TABLE L WTT CONDITIONS
WTT specifications Values
Cable diameter (D) 86 mm
Helical fillets size 1/15D
Helical fillets pitch 2D
Cable surfaces Circular / Helical
Scruton number (Sc) 28.2
The fundamental frequency (Hz) 1.72
Reynolds number 0-10°
Wind yaw angle 50°
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B. Pressure Distribution Measurement and Analysis

Figure 2 illustrates the decomposition of the pressure
measurement drawn up into its constituent pieces. A spring-
supported system was employed to affix the experimental
model at the entrance of the wind-tunnel. As a result, the
surface pressure could be evaluated in a constantly fluctuating
environment. To achieve precise surface pressure
measurements, it was imperative to install pressure rings and
taps on the cable model. The pressure rings were strategically
placed at intervals from the cable end, namely 1D (Section D),
2D (Section C), L/4 (Section B), and L/2 (Section A). Each
sector is allotted defined distances. Figure 3 illustrates that each
ring is equipped with a combined total of 24 pressure taps.
Specifically, the experiment's definition of the pressure holes'
circumferential angle is the angle measured counterclockwise
from the stagnation point.

Pressure tap
Pressure ring CABLE MODEL 7NN

il ]

Steel tube

m[@nE:

] |

DC B A Smooth surface ~
‘ — (PVC) ‘ ;
150 2300 150 ® _
2600 Stagn_atlon
point
Fig. 3. Configuration of pressure sensors on cable prototype.

III. RESULTS AND DISCUSSION

A. Aerodynamic Performance of Circular Cable Surface and
Helical Fillet Cables

Figure 4 compares a typical circular cable with a helical
fillet cable, displaying the variations in their aerodynamic
performance.
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Fig. 4. Wind induced cable vibration with different surfaces.

At a Reynolds number of around 8.83 x 10*, the occurrence
of dry galloping becomes evident. This phenomenon has an
oscillation amplitude that is about 0.6 times the diameter of the
cable (0.6D). Furthermore, the stay cable continues to oscillate
in a divergent manner, even while the wind speed remains
constant. When it comes to decreasing cable vibration, the
helical fillet cable stands out for its significantly enhanced
efficacy. Remarkably, detrimental vibrations of a significant
magnitude have been effectively averted thus far. Prior studies

[12] have advocated for the use of larger helical fillets in cables
to improve the occurrence of dry galloping. This observation
aligns with the results of previous research.

B. Mean Pressure Coefficients of Circular Cables

A sub-critical Reynolds number of around 8.83x10" was
seen to be the point at which dry galloping occurred, as was
previously determined. The cable gradually began to display a
propensity toward divergent galloping once it had transcended
this significant barrier, even though the wind speed did not
appear to increase substantially. A variety of surface pressure
measurements were carried out with the utmost attention to
detail to achieve the goal of gaining an all-encompassing
comprehension of the complex properties of surface pressure
distribution in this substantial range of Reynolds numbers. At
Reynolds numbers of 8.83x10%, 7.65x10*, and 5.6x10* an
evaluation was carried out and measurements were collected.

It is crucial to pay attention to the method used to measure
pressure in these experiments. Pressures are often quantified
according to the average static pressure inside the specific
section of the wind tunnel being utilized for testing.
Consequently, normalizing the observed pressures with respect
to the average dynamic pressure noted over the testing time
yields the pressure coefficients. Hence, the subsequent
explanation provides a precise definition of the mean pressure
coefficients:

1T
=Jo p(®.dt
Cy=12— 2)
q
where: the function p(f) represents the immediate pressure on
the cable surface, T represents the time interval between each

sample event, and ¢ represents time (s). The expression
1 =2, .
q=5 pU2 indicates the dynamic pressure exerted on the surface

of the cable, where p represents the density of the air and U
refers to the average wind speed.

Figures 5 to 8 depict the distribution of the average surface
pressure (C,) throughout various regions of the circular cable
surface. The presence of a symmetrical distribution pattern is
clearly apparent. Moreover, it is crucial to note that there is a
substantial adverse pressure in regions where flow separation
takes place, but a modest elevation in pressure may be
observed on the side of the cable facing away from the wind.
This phenomenon becomes more evident at Reynolds number
values around 8.83x10*.
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Fig. 5. Mean pressure coefficient at section A (circular cable).
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Fig. 7. Mean pressure coefficient at section C (circular cable).
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Fig. 8. Mean pressure coefficient at section D (circular cable).

By implementing an integration technique, the force
coefficients at the central point, namely section A, were
successfully obtained. This was achieved by considering the
complete surface pressure distribution, which incorporated the
cable model. Figure 9 discloses that when the Reynolds number
increases, there is a significant reduction in the drag force
coefficient. The decrease is most apparent when the yaw angle
is around 50°. This reduction leads to a drag force coefficient of
0.4, which contributes to the production of the intended
outcome, and it happens immediately prior to the onset of cable
dry galloping.

<
Pressure tap. 5

Fig. 10.  Helical fillet position for each measurement section.

Figures 11-14 provide a complete illustration of the
dispersion of the mean pressure coefficient of helical cables.
Particularly noteworthy is the fact that the distribution of
pressure coefficients is characterized by a noticeable
asymmetry pattern. The mean surface pressure coefficient
exhibits distinct zones that indicate an asymmetrical
distribution: the upper half of the cable is marked by a
predominance of positive pressure, whereas the lower half
experiences a predominance of negative pressure. The surface
pressure patterns display remarkable similarity throughout all
four specified sections, despite the potential variations in the
placement of the fillets. Incorporating a helical fillet in two
dimensions leads to a notable reduction in the surface pressure
on the underside of the item. This event emphasizes a
subsequent rearrangement of surface pressure, leading to a
departure from the typical pressure distribution observed in
circular cables, as explained above. Especially, the discrepancy
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in the results shown in Figures 13 and 14 at Re=7.51x10* can
be due to encountering turbulent flow at this Reynolds number,
along with the presence of the helical fillet. Turbulent flow
involves increased mixing and velocity fluctuations compared
to laminar flow at other Reynolds numbers. The helical fillet
additionally affects flow dynamics, causing changes in pressure
distribution and wake flow patterns.
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Fig. 11.  Distribution of surface pressure in section A.
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Fig. 12.  Distribution of surface pressure in section B.
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Fig. 13.  Distribution of surface pressure in section C.
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Fig. 14.  Distribution of surface pressure in section D.

D. Wake Flow Structure

Figures 15 and 16 depict the Power Spectral Density (PSD)
of the fluctuation in vertical velocity inside the wake flow of
circular and helical cables.
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Fig. 15.  PSD of the wake flow of circular cables.
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Fig. 16.  PSD of the wake flow of helcial cables.

The measurement was performed at a location situated 2D
behind the cable wake. Figure 15 depicts the PSD of the wake
flow of a circular cable. In Figure 15, when the wind speed
increases, the Karman Vortex PSD decreases. This
demonstrates that the mitigation of Karman vortices results in
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the cable becoming aerodynamically unstable [17].
Simultaneously, several prominent features of the PSD are
observed in the low frequency components, corresponding to
the frequencies associated with cable dry galloping. There is a
concept proposing that when the Karman-vortex is suppressed,
it disrupts the pattern of flow. This disruption leads to greater
unpredictability of vortices along the axis of the stay cable.
Consequently, this causes an increase in the PSD in the low
frequency region. Conversely, when employing a helical fillet
cable, the PSD of low frequency flow is suppressed as
portrayed in Figure 16. In this case, the Karman-vortex at the
Strouhal frequency (fD/U = 0.16 - 0.2) becomes dominant.
When traditional Karman vortex sheds, dry galloping will not
appear [34, 17]. Therefore, the suppression mechanism of
helical fillet cable can be explained as follows: The presence of
helical fillets ascertains that the flow remains regular even
when wind speed rises, hence reducing the development of low
frequency vortices, which are the major cause of cable dry
galloping. Simultaneously, the Karman vortex becomes
increasingly dominating, resulting in the absence of significant
amplitude vibrations.

IV. CONCLUSIONS

To summarize, this wind tunnel study offers useful insights
into the aerodynamic efficiency and pressure distribution on
circular stay cables and helical fillet cables when subjected to
wind. The study emphasizes notable disparities between the
two cable types, namely regarding their stability and
vulnerability to wind-induced vibrations. The study's findings
may be summarized as:

e This study examines the influence of wind speed on the
dynamics of cable vibration. It is suggested that increased
wind speeds can lead to a cable instability phenomenon
called dry galloping. On the other hand, helical fillet cables
offer increased stability in the presence of strong winds,
leading to an improved resistance to wind impact.

e Circular stay cables have symmetrical surface pressure
distribution patterns, characterized by evenly distributed
pressure magnitudes over their surfaces. However, under
some wind conditions, cables may experience cable dry
galloping, which indicates the possibility of instability.
Helical fillet cables enhance stability in gusty situations by
altering airflow patterns, resulting in an asymmetric
distribution of surface pressure.

e Dry galloping in circular cables is caused by the elimination
of Karman vortex and the existence of low-frequency
components. The suppression mechanism of helical filet
can be characterized as: The presence of helical fillets
ensures a continuous and regular flow, even when wind
speeds increase, hence reducing the occurrence of low
frequency vortices. At the same time, the Karman vortex
becomes the most important factor. As a result, the dry
galloping is reduced.
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