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10  Abstract
11

12 The rain—wind induced vibration (RWIV) of cables in bridge and wind engineering

13 has been reported worldwide over the past decades. However, quantitative analyses of

14  the RWIV mechanism using the real water rivulets are rare. The RWIV of a cable model

15 s tested in an open-jet wind tunnel. The movement and the geometry of the upper

16  rivulet and the vibration of the cable are obtained by videogrammetry. The coupling of

17  the upper rivulet and cable vibration is shown to be the main excitation mechanism of

18  RWIV. In particular, the oscillating upper rivulet induces the boundary layer to attach to

19  the cable and generates aerodynamic forces, which produce a positive work and excite

20  the cable to vibrate. In turn, the cable vibration harmonizes the upper rivulet along the
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cable. To verify the proposed mechanism, a numerical model is established using the

aerodynamic coefficients measured in dry cable tests. The numerical results are in

agreement with the experiments. The effect of the damping ratio on the RWIV

amplitude is also experimentally and numerically investigated.

Key words: Cable, Rain—wind induced vibration, Rivulet, Excitation mechanism, Wind

tunnel test, Videogrammetry

1 Introduction

Stay cables are prone to large vibrations because of their inherently low damping

and great flexibility. These cables are subjected to numerous excitations, including wind,

rain, vehicles, and anchorage motion (Xia and Fujino, 2006), or their combinations.

Several cables in real bridges exhibit large vibrations under rainy and windy weather

conditions. These large cable vibrations are referred to as rain—wind induced vibrations

(RWIVs), which are deleterious to stay cables. These vibrations may reduce the fatigue

life of the cable and result in connection and protection system failures.

The RWIV of cables has drawn research interest over the past decades. Extensive

research has been conducted using field measurements (Main and Jones, 1999; Ni et al.,



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

2007; Zuo et al., 2008, 2010), wind tunnel tests (Hikami and Shiraishi, 1988; Matsumoto

etal., 1992, 1995, 2003, 2005; Flamand, 1995; Cosentino et al., 2003a; Gu and Du, 2005;

Li et al., 2010a; Li et al., 2015), numerical analyses (Xu and Wang, 2003; Wilde and

Witkowski, 2003; Cao et al., 2003; Gu, 2009), and computational fluid dynamics

(Lemaitre et al., 2007, 2010; Robertson et al., 2010; Taylor and Robertson, 2011; and Bi

etal., 2013, 2014; Wang et al. 2016).

Numerous studies have also been conducted to examine the excitation mechanism

of RWIVs. However, researchers have held different or even conflicting ideas and have

not established a consensus explanation of this underlying mechanism. Hikami and

Shiraishi (1988) first reproduced an RWIV of a cable in a wind tunnel. They

demonstrated that the formation of the upper rivulet made the cable unstable and

proposed two possible excitation mechanisms: (1) the Den Hartog instability and (2) the

instability due to coupled aerodynamic forces. Flamand (1995) verified the essential

role of the upper rivulet in RWIV occurrence and also emphasized the importance of the

dirt coating of the cable by wind tunnel testing. Cosentino et al. (2003a, b) investigated

the movement and thickness of the upper rivulet during a RWIV occurrence and

attributed RWIVs to flow regime modification. They reported that the one-bubble

regime, which developed at the upper boundary layer during the cable descent,

3
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generated a downward aerodynamic force that excited the cable (Cosentino et al., 2003a,

b). Seidel and Dinkler (2006) considered the rivulet as a movable disturbance that

oscillated around the transition point of the flow at the same frequency as that of the

cable vibration. The periodic disturbance induced the periodic transition of the flow

from pre-critical to critical flows, resulting in the transfer of energy from the flow to the

elastic structure. Matsumoto et al. (1992, 1995, 2003, 2005) conducted a series of wind

tunnel tests and classified RWIVs into three types: the galloping type related to a negative

slope of the lift force caused by the upper water rivulet or axial flow, the vortex-shedding

type with a long period, and the mixed type. They suggested that the

three-dimensionality of the Karman vortex shedding and the axial flow are the main

excitation sources of the RWIV (Matsumoto et al., 1992, 1995, 2003, 2005).

Gu and Huang (2008) theoretically and experimentally examined RWIVs by

treating the upper rivulet as a solid attachment to the cable. They derived an instability

criterion for the cable vibration composed of the Den Hartog galloping and the rivulet

motion. Xu et al. (2006) measured the aerodynamic coefficients of an inclined cable

model with an artificial plastic upper rivulet in a wind tunnel. They observed that the

aerodynamic coefficients of the cable varied with the location of the artificial rivulet and

concluded that the negative slope of the lift coefficient curve might cause an RWIV (Xu
4
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et al., 2006). Du et al. (2013) measured the wind pressure acting on the artificial solid

upper rivulet and the inclined cable. They concluded that the significant variation in the

aerodynamic forces acting on the cable and the upper rivulet according to the positions of

the upper rivulet could cause an RWIV (Du et al., 2013). Xu and Wang (2003), Wilde

and Witkowski (2003), and Cao et al. (2003) established numerical models based on the

quasi-steady assumption and simulated an RWIV using the cable’s aerodynamic

coefficients measured in two-dimensional wind tunnel tests. Gu (2009) established a

two-dimensional rigid sectional numerical model with a moving upper rivulet on the

basis of the quasi-steady assumption and simulated an RWIV using the aerodynamic

forces on the inclined cable and the rivulet. In their tests and numerical models, the

upper rivulet was assumed to be a solid attachment to the cable surface. This

assumption does not match the actual rivulet measured by Cosentino et al. (2003a), Li et

al. (2010), Li et al. (2015), and Jing et al. (2015a). The established numerical models

might be insufficiently precise to simulate RWIVs because the effects of the variations

in the rivulet shape and thickness on the aerodynamic forces and the air-rivulet

interaction were not considered.

Although the importance of the upper rivulet in RWIVs has been frequently

reported, the precise excitation mechanism of RWIVs remains unclear as information on
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the rivulet is inadequate. Cosentino et al. (2003a) first measured the position and

thickness of the upper rivulet with eight pairs of wires. However, the wires used in the

experiment could affect rivulet formation and movement. Li et al. (2010a, b) and Chen

et al. (2013) measured the thickness, position, and shape of the upper rivulet by the

ultrasonic method. Nevertheless, they only measured the upper rivulet at a fixed section,

which might be insufficient to exhibit the rivulet information along the entire cable.

Lemaitre et al. (2007, 2010), Robertson et al. (2010), Taylor and Robertson (2011), Bi et

al. (2013, 2014), and Cheng et al. (2015) numerically investigated the rivulets on

cylinders under the action of wind with the use of the computational fluid dynamic

method. However, they simulated the formation and development of the rivulets when

the cable was static, and the characteristics of the rivulets in this case may vary from

those when the cable vibrates.

Li et al. (2015) and Jing et al. (2015b) proposed videogrammetry to directly

measure the rivulet; this noncontact and nonintrusive technique can record all rivulet

information, including its movement, shape, and thickness along the entire cable. The

present study aims to extend the previous studies by using different types of rivulet

simulation. Cable vibration has also been obtained simultaneously. A new excitation

mechanism of RWIV is proposed based on the relationship between the cable vibration

6
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and the rivulet movement. A numerical model is established to explain how the rivulet

exactly excites the cable and how they are strongly coupled together.

2 Wind tunnel tests

The wind tunnel tests were conducted in an open-jet wind tunnel with a rectangular

outlet section 1.34 m wide and 1.54 m high. The maximum wind speed of this wind

tunnel was approximately 20 m/s. The distribution of the mean wind speed and the

turbulence intensity in the outlet section were measured with a cobra probe anemometer

point by point at wind speeds (U) of 9.2 and 12.1 m/s, as shown in Figure 1. The

variations in the wind speed and turbulence in the outlet section were approximately 3%

and 2%, respectively.
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135  Figure 1. Wind speed and turbulence distribution in the outlet section of the wind tunnel

136 (length unit: cm; wind speed unit: m/s)
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The cable model was suspended about 1 m behind the outlet section as Figure 2
shows. A previous experiment by Li et al. (2007) found that the RWIV was prone to
occur when the inclination angle and yaw angle range from 20° to 50° and from 20° to
60°, respectively. In the present study, the inclination angle (o) and yawed angle () were
set to 32° and 35°, respectively, and the relative yaw angle was calculated as f* =
sin'l(sinﬁcosa) =29.1°. Only the in-plane vertical cable vibration was simulated in the
present study, as observed by other researchers (Hikami and Shiraishi, 1988; Gu and Du,
2005; Jing et al., 2015a, Li et al. 2015). Four springs suspended the cable in the vertical
plane at both ends as Figure 2c shows, and the other end of the springs was mounted on a
firm steel frame, which is not shown in this figure. The springs were perpendicular to
the cable axis. A steel wire supported the cable in the longitudinal direction. The cable
model was 160 mm in diameter and 2.7 m in length with a 2 m-long test segment in the
middle and transition segments at both ends. The cable model was made of high-density
polyethylene-coated steel tube and elaborated in the same way as real stay cables. The
mass of the entire cable model was 66.0 kg. The fundamental frequency was 1.37 Hz,
determined using a free vibration test. The cable damping ratio is 0.17%. The
corresponding Scruton number was calculated as S,= mg“/pD2 = 1.70, where ( is the

damping ratio, p is the air density equal to 1.29 kg/m>, m is the mass of the cable model



155  per unit length, and D is the cable diameter. The Scruton number is close to that of the

156  real stay cables during construction (FHWA, 2007).

157

Outlet section Transition segment
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Wind flow i \
(a) Outlet of the wind tunnel (b) Definition of a yaw angle
§
l‘(?e/ PV[I,e
(c) Cable plane

158 Figure 2. Cable model in a wind tunnel
159
160 A digital video camera was mounted on the cable and located 1.2 m above the

161  bottom end of the cable (Figure 2b) such that it has no disturbance on the rivulet and the

162  wake flow. A target with a ruler (Figure 2c) was fixed on the ground. The camera moved

163  with the cable while the target remained steady during the experiment. The camera
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captured the rivulet, cable, and the target. The movement of the target relative to the

camera represents the movement of the camera and the cable. In this manner, the upper

rivulet movement and the cable displacement were synchronously measured from the

video by videogrammetry (Li et al., 2015; Jing et al., 2015b). By this method, the

position of the rivulet along the entire cable could be obtained. The position of the upper

rivulet () was measured anticlockwise from the cable top, as shown in Figure 3, which

shows only the wind normal to the cable axis (U, ). The angle between the horizontal and

wind direction was calculated as ¢ =arcsin (sinasing/ coszﬁJrsin2 asinzﬁ) = 20.4°.

The localization angle of the upper rivulet from the stagnation point was calculated as
p=¢ +90° — . The cable displacement (y) was downward positive. The angle between

the normal wind and the cable motion was calculated as y= ¢ + 90°.

Upper rivulet Cable

qind /
Stagnation
point

Lower rivulet

Vertical plane

Figure 3. Definition of the rivulet position
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3 Simulation of rivulets in wind tunnel tests

Rivulets can be simulated by spraying water (Hikami and Shiraishi, 1988;

Matsumoto et al., 1992; Flamand, 1995; Cosentino et al., 2003a; Gu and Du, 2005; Li et

al., 2010a), guiding water lines on the cable surface (Mahbub Alam and Zhou, 2007; Li

et al., 2015), or their combination (Zhan et al., 2008).

Spraying water simulates an on-site rainfall. The flying raindrops blown by wind

gather on the cable surface to form the upper and lower rivulets. Spraying water was

widely used in previous wind tunnel studies to reproduce RWIVs (Hikami and Shiraishi,

1988; Matsumoto et al., 1992; Flamand, 1995; Cosentino et al., 2003a; Gu and Du, 2005;

Li et al., 2010a), and its effectiveness has been sufficiently verified.

In the guiding water lines technique, small pipes are placed at the upper end of the

cable (Jing et al., 2015a, b; Li et al. 2015). The water flows downward along the cable

because of gravity and wind pressure, thereby forming the upper and lower rivulets.

This simulation approach is also effective and has a significant advantage when applied

to wind tunnel tests because there are no raindrops during the test. The flow rate of the

rivulet can be well controlled and measured because it depends on the inner diameter of

12
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the plastic pipe and the hydraulic head pressure difference. The drawback of this
approach is that the surface conditions of the cable are different from those in rainfall,
which might affect the movement of the upper rivulet. Improving the wettability of the

cable model may be able to eliminate this effect.

On-site rivulets typically contain two parts: the newly gathered rivulets from the
raindrops and the formed rivulets flowing down from a higher section. Therefore, the
most accurate method for sectional model testing in a wind tunnel is simultaneously

spraying water and guiding water lines, as adopted by Zhan et al. (2008).

In the present study, the aforementioned three methods are initially employed
under the same wind speed of 12.1 m/s and constant rivulet water flow rate (Q) of
7.46x10°7 m%/s. The wind speed and water flow rate were determined based on previous
wind tunnel tests, under which the RWIV was prone to occur. The Reynolds number is
derived as R,= UD/v = 1.3X10°, where v denotes the kinematic viscosity. In the
spraying water method, four nozzles were installed at the top of the wind tunnel outlet
section. The rainfall intensity and the flow rate of the upper rivulet were adjusted by
controlling the hydraulic pressure of the nozzles. The flow rate of the upper rivulet was

measured at the bottom of the cable model using a rain gauge. For the guiding water

13
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lines approach, a tank filled with coloured water was placed approximately 0.5 m above

the outlet section of the wind tunnel and two plastic pipes were used to guiding the

water from the tank to the cable surface. The flow rate was consistent by maintaining

the hydraulic head pressure difference unchanged (ignore the cable vibration). The flow

rate of the water rivulet was measured at the outlet section of the plastic pipes.

The time history of the cable displacement was measured, as shown in Figure 4.

The amplitudes of the simulated cable vibrations obtained using the three methods were

63.6, 74.2, and 73.1 mm, which are very close to each other. The dominant frequencies

of the vibrations were the same as the fundamental frequency.
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Figure 4. RWIVs of the cable reproduced by different rivulet simulations

All three rivulet simulations can effectively reproduce RWIV in a wind tunnel.

Guiding water lines is adopted hereinafter to investigate the relationship between the

upper rivulet and cable vibration because the flying raindrops may damage the

measurement instruments.

The identification of the upper rivulet movement has been introduced by Li et al.

(2015). The thickness of the upper rivulet was identified based on the relationship

between the grayscale intensity and the water thickness (Jing et al., 2015b). As

described before, the water used to simulate the rivulet was coloured. Therefore, the

rivulet appeared darker in the grayscale image, in particular, the thicker it was, the

darker it became. Besides, the water thickness was assumed to be proportional to the

grayscale intensity. The scaling factor was calibrated using the water flow rate of the
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upper rivulet. Consequently, the thickness of the rivulet was identified from the

grayscale intensity of the rivulet in the grayscale image.

4 Characteristics of the rivulets in RWIV

When the cable vibrated with an amplitude of 74.2 mm, which corresponds to the

non-dimensional amplitude of 0.46 (= 74.2/160.0) at the fundamental frequency of 1.37

Hz, the upper rivulet position is identified as shown in the video (can be downloaded

from the online supplementary material). The rivulet position slightly varied along the

cable; thus, the averaged position is shown in Figure 5. The averaged upper rivulet

oscillated between 6.6° and 33.0°, with an equilibrium position of 18.9°. The vibration

frequency of the averaged upper rivulet was the same as the fundamental frequency of

the cable. Figure 6 compares the averaged upper rivulet position and the cable

displacement. As shown in Figure 6, the upper rivulet oscillated almost in-phase with

the cable. When the cable moved upward (the displacement becomes smaller in the

figure), the upper rivulet moved to leeward (the angle becomes smaller). Conversely,

when the cable moved downward, the rivulet moved upwind. Coesentino et al. (2003a)

also observed this phenomenon, in which the mean position of the upper rivulet

oscillated between 13° and 25°.
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268 Compared with the upper rivulet, the lower rivulet was observed to be stable by the

269  experimenter during the test. Its thickness, position, and shape were almost constant.

270  The results of the lower rivulet are not shown here.

271
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272 Images of the upper rivulets during one cycle (¢, to t5) were captured to discover

273  the relation between the upper rivulet and the cable vibration. These images are shown

274  in Figure 7.
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Figure 7. Captured images of the upper rivulet from #; to s (t denotes the attaching

area)

At t; (t = 14.92 s), the cable was located at the lowest position, and the upper
rivulet was located away from the cable top. The upper rivulet was hump-shaped with a
carpet behind and coherent along the cable axis. The cable then moved upward from the
lowest position. The upper rivulet moved to leeward from 14.92 to 15.12 s (¢; to ©,)
and maintained the hump shape and coherence. However, the carpet behind the rivulet
was pressed and forced to gather in leeward, forming another smaller hump-like shape
far behind the rivulet, as shown clearly at # = 15.12 s. After the cable and upper rivulet
passed their equilibrium position around #, (15.12 s), the upper rivulet began to flatten
and the distribution along the cable axis became less coherent as shown at = 15.20 s. In
addition, the weakening colour intensity indicates that the water thickness decreased
during this process, as measured by Jing et al. (2015b). When the cable reached the
highest position at #; (¢ = 15.28 s), the rainwater totally spread out, resembling a water

carpet with wide and flat geometry. The rainwater was coherently distributed along the
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cable axis. The surface of the upper rivulet became very smooth and almost stuck on the

cable surface.

When the cable moved downward, the upper rivulet slid back upwind as a water

carpet. From #; to t4, the upper rivulet maintained its flat shape and smooth surface

such that its location and movement were almost indistinguishable in the figure (the

video provides better contrast and the rivulet is recognizable). After the cable and the

upper rivulet crossed their equilibrium position (from #; to ¢s), the upper rivulet began

to gather and rose to the most upwind position. When the cable reached the lowest

position at 5 (¢ =15.64 s), the thickest upper rivulet, as that at ¢;, was observed.

Figure 7 shows that the geometry of the upper rivulet is strongly related to the

cable vibration. During a one-cycle cable vibration, the upper rivulet varied not only in

position but also in thickness, distribution, and shape. The observed in-phase vibrations

of the upper rivulet and the cable are consistent with the previous measurement obtained

by Cosentino et al. (2003a) and Jing et al. (2015b). However, the thickness of the upper

rivulet in the present study is different from that obtained by Cosentino et al. (2003a). In

their test, the upper rivulet was clearly marked during the cable descent and spread out

when it reached the lowest position, the rivulet became disorganized when the cable
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moved upward, and the thickest rivulet was observed when the cable was close to the

equilibrium position during descent (Cosentino et al., 2003a). The difference of the two

studies might be caused by the disturbance of the experimental instruments on the

rivulet in their study.

5 Excitation mechanism of RWIV

From the observed rivulet and cable vibration, a new excitation mechanism of

RWIV is proposed in this study on the basis of the flow passing a dry inclined circular

cylinder (Flamand and Boujard, 2009; Nikitas et al., 2012; Jakobsen et al., 2012;

Benidir et al., 2015).

5.1 Experimental observations

Figure 7 confirms that the upper rivulet is composed of a circumferentially

oscillating water carpet on which a hump evolves under the action of local wind

pressure during the cable vibration, as described by Lemaitre et al. (2010). As the cable

moved upward (¢#; to #), the water accumulated to a hump shaped rivulet and the

carpet behind the rivulet was pressed to gather in leeward. The hump—shaped rivulet
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then spread to a flat water carpet when the cable reached the highest position. As the

cable moved downward (#; to ts), the flat water carpet flowed down and then gathered

to form a hump—shaped rivulet when the cable reached the lowest position. During this

process, the separation state of the boundary layer was deduced from the shape of the

upper rivulet, similar to the oil visualization (Kleissl and Georgakis, 2012).

Based on the observed upper rivulet information, the possible wind flow field at

different instants is deduced and sketched in Figure 8, in a similar way as Panton (2013)

and Devenport and Borgoltz (2016) did. In this figure, the upper rivulet is exaggerated

for enhanced visibility, and the lower rivulet is removed because it has little effect on

the RWIV. At # or #5, the cable was located at the lowest position, the upper rivulet

accumulated to a hump with a water carpet behind, and the boundary layer should

separate at the original separation point, as shown in Figure 8a. The water carpet behind

the upper rivulet was relatively thick because it was located at the leeward of the

separation point and no significant wind pressure acted on its surface. When the cable

moved upward (#1 to 13), the attacking angle moved clockwise (see Figure 8b), the

boundary layer attached to the rivulet, the wind flowed along its surface, and then

separated at a position far behind the original separation point. As a result, the wind

pressure on the water carpet surface changed and the water carpet behind the rivulet
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attenuated and was pushed to leeward (Figure 8b). When the cable moved downward (23
to ts), the attacking angle moved anti-clockwise (see Figure 8d), and the boundary layer
did not attach but turned to separate at the original separation point (Figures 8c, 8d).
The water rivulet was located at the leeward of the separation point and there was no
significant wind pressure acting on its surface. Consequently, the water rivulet turned to

a flat water carpet flowing down from the cable top.

Original separation point
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Stagnation stagnation
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Vertical plane poin
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Original
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Figure 8. Sketch of the flow passing the cable
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The boundary layer attachment significantly affects the wind pressure distributions

around the cable (Zdravkovich, 1997). After the transition occurred in the boundary

layer, the flow state can be categorized into five flow regimes (Zdravkovich, 1997):

pre-critical regime [(100k—200k) < R,< (300k—340k)]; one-bubble regime [(300k—340k)

< R, < (380k—400k)]; two-bubble regime [(380k—400k) < R, < (500k—-1M)];

super-critical regime [(500k-1)< R, < (3.5M-6M)]; post-critical regime [(3.5M—-6M)

< R,]. In the one-bubble regime, the boundary layer reattaches to only one side of the

cylinder. This asymmetric reattachment of the boundary layer forms a separation bubble

on one side of the cylinder and produces a much lower pressure on this side than on the

opposite side (Figure 9), thereby generating a large lift force. When the wind is normal

to the circular cylinder, the reattachment stochastically occurs on either side in this

regime (Zdravkovich, 1997). Recently, Larose et al. (2003), Flamand and Boujard

(2009), Nikitas et al. (2012), Jakobsen et al. (2012), Nikitas and Macdonald (2015), and

Benidir et al. (2015) measured the wind pressure around an inclined dry cable in the

critical Reynolds number regime. They observed the asymmetric pressure distribution

and a sudden increase in the lift coefficient in the one-bubble regime and tried to

explain the dry cable galloping using these properties. They observed that the sudden

increase in the lift coefficient was caused by the asymmetric boundary layer attachment.
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Different from the wind normal to the cable case, for the inclined and yaw cable,
asymmetric reattachment always occurs on the same side (Flamand and Boujard, 2009)
because the boundary layer is highly sensitive to disturbances, surface roughness, and

turbulent free stream.

UN
—_— #

Figure 9. Wind pressure distribution in the one-bubble regime (Zdravkovich, 1997,

Jakobsen et al., 2012; Benidir et al., 2015): a reattachment occurring on the upper side

Given the above properties of asymmetric flow attachment to the dry inclined
cylinder, the asymmetric boundary layer attachment in the present RWIV should also
lead to an asymmetric wind pressure and a significant lift force on the cable when the
cable moved upward. This attachment was induced by the upper rivulet because the

Reynolds number of the present cable (1.3 X 10°) was in the pre-critical regime and was
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lower than that in the one-bubble regime. However, the pressure distribution induced by

the asymmetric attachment should be similar as shown in Figure 9 and Figure 10a.

Consequently, the excitation mechanism of RWIV can be briefly explained as follows.

When the cable moved upward, the aerodynamic forces were upward and produced a

positive work to excite the cable. After the cable reached the highest and started to move

downward, the upper rivulet spread out and became a water carpet. The boundary layer

attachment disappeared and separated at the original separation point. The

corresponding pressure distribution became symmetric around the cable, as shown in

Figure 10b. The aerodynamic forces produce a negative work as in the pre-critical

regime.
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(a) Cable moves upward (b) Cable moves downward

Figure 10. Sketch of pressure distribution on the cable (F: drag force; F;: lift force;

y,: cable displacement)

Similar expressions were proposed by Cosentino et al. (2003a, b) and Seidel and
Dinkler (2006). Cosentino et al. (2003a, b) treated the upper rivulet as an obstacle close
to the upper boundary layer separation point and modified the flow state from the
pre-critical regime to the critical regime. They observed that the rainwater that spread
gathered at the cable top when the cable moved downward and assumed that the
gathered upper rivulet modified the flow regime into the one-bubble regime, which
generated a downward lift force and produced a positive aerodynamic work to excite the

cable vibration. However, in the present experiment, the upper rivulet mainly gathered
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in a position away from the cable top when the cable was located at the lowest position.
In addition, the reattachment of the boundary layer to the top side produces upward
aerodynamic forces rather than downward forces, thereby generating a negative work if
the cable was descending. Seidel and Dinkler (2006) considered upper and lower
rivulets as movable disturbances and assumed that, when a rivulet is located at the
separation area, the flow transits from the pre-critical regime to the critical regime, as
what happens in the Prandtl trip wire phenomenon. However, in their study, the effects

of the rivulets when the cable moved upward and downward were not differentiated.

5.2 Difference between the upper and lower rivulets

In this study, only the upper rivulet is considered, whereas the lower rivulet is
disregarded. The lower rivulet cannot induce the boundary layer to attach on the cable
because it is too thick or located at the leeward of the separation point. Even though
both the upper and lower rivulets were reported to be symmetrically located on the cable
surface with respect to the stagnation point by Gu and Du (2005) and Lemaitre et al.
(2007, 2010), they exhibit different states when the cable is static because of the
different gravitational effects. As shown in Figure 11a, the upper rivulet is subjected to

gravity g, wind pressure P, and reaction of the cable S. In the same figure, y and y,
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denote the upstream and downstream contact angle, respectively. Gravity tends to keep

the upper rivulet on the cable surface and subjects the water under compression in the

vertical direction. Therefore, the upper rivulet is prone to becoming relatively thin and

flat as well as deformed under external loads. When the cable is vibrating, the upper

rivulet may change its shape and position to induce and respond to the boundary layer

attachment. The upper rivulet can move forth and back on the cable surface in a

non-stationary manner even though the cable is static.

As for the lower rivulet (Figure 11b), gravity tends to pull the rainwater away from

the cable and causes the water under tension in the vertical direction, making the lower

rivulet close to the bottom of the cable and thicker than the upper one. As a result, the

lower rivulet might be too thick to induce the boundary layer attachment or located at

the leeward of the separation point. Therefore, the lower rivulet exerts minimal effect on

RWIV, and no significantly variant tangential wind force is present to excite the lower

rivulet when the cable is static or vibrating. In addition, gravity maintains the contact

angles smaller than the critical angle, enhancing the stability of the lower rivulet.
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(a) Upper rivulet (b) Lower rivulet

Figure 11. Forces on the upper and lower rivulets

5.3 Numerical analysis

The explanations in Sections 5.1 and 5.2 are verified using the numerical analysis

in this section. An inclined cable subjected to yaw wind flow, as shown in Figure 2b, is

considered. The angle of the wind velocity relative to the cable axis is defined as the

cable-wind angle (@) (Figure 12), which is calculated as 90° — p* (Macdonald and

Larose, 2006). The cable is assumed to move at a velocity of y in the vertical plane and

normal to its axis. The angle between the cable velocity and the cable-wind plane is ¥

as Figure 13 shows. The magnitude of the relative incident velocity considering the

cable velocity is

_ 1,2 2.2 _ 2 .. .2
Ur=\(Uy) +(Uy) = U —2Uysin®cosy +y (1)
where Uy is the projection of Uy in the cable-wind plane (Figure 12b), and Uz is the

projection of Up normal to the cable-wind plane, as Figure 13 shows.
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Ucos® § o
i i
Cable axis Cable axis
(a) Absolute velocities (b) Velocity relative to cable
483 Figure 12. Velocities in the cable-wind plane
484
/
./'
485 Vertical plane
486 Figure 13. Velocities and forces in the plane normal to the cable axis
487
488 Consequently, the attacking angle (ap) induced by the cable velocity (see Figure

489  13)is given by
490 ap=atan [ ysiny/ (Usin®—ycosy)| (2)

491
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The relative velocity induces drag and lift forces, given by equation (3), per unit

length of the cylinder normal to its axis.

1
Fp=3 pUADC,

. ; 3)
F L= 5 ,OU RDC L
where Cp and C; are the drag and lift coefficients, respectively.
The angle between the drag force and the cable motion in Figure 13 is given by
ag=y tap. “4)
Thus, the aerodynamic force per unit length in the cable vibration direction is
F,= %prgD[CDcosaR— Csinag]. (%)

During a cycle, the aerodynamic work attributed to the aerodynamic force can be
calculated as

E,= f, F,yd, ©6)

where 7 is the period of the cable vibration.

Substituting equation (5) into equation (6) and separating the lift and drag

components, one has
E,~E +E), (7)

where EL=—% fOTprgDCLsinaR)'/dt and ED=% foTprgDCDcosaR)'/dt represent the
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work by the lift and drag forces, respectively.

In the wind tunnel tests, the cable is designed to be a linear
single-degree-of-freedom vibration system. Only the structural damping consumes

energy, which can be calculated as

E,=—[) 2mwGid (8)

The stability of the cable can be evaluated by the total work during a cycle.

E=E,+E; 9)
Depending on the value of the total work E, the cable vibration can be (1) stable (£ = 0),

(2) increasing (£ > 0), or (3) decaying (E <0).

The cable exhibits a harmonic vibration when the vibration reaches a steady state.

Therefore, the velocity time history is written as

y=Aw sinwt (10)

where 4 is the displacement amplitude and @ is the circular frequency.

On the basis of the proposed excitation mechanism, the aerodynamic forces are
closely related to the boundary layer attachment or the rivulet movement, which

interacts with the cable vibration. Thus, the aerodynamic force coefficients are assumed
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to be associated with the cable vibration. It is also assumed that when the upper rivulet
induces the boundary layer attachment, the aerodynamic forces of the cable with the
rivulet are similar to those in the one-bubble regime, while when the upper rivulet does
not induce the boundary layer attachment, the aerodynamic forces of the cable are
similar to those in the pre-critical regime. Take the measurement data by Jakobsen et al.
(2012) as a reference. They measured the wind pressure of an inclined cable with a
geometry of D = 160 mm and @® = 60°, which is almost the same as the cable in the
present study. When the cable moved downward, the rivulet exerted almost no effect on
the wind pressure distribution, indicating that the drag and lift coefficients were the
same as those of the dry cable in the pre-critical regime. They obtained the following
coefficients when U = 11.34 m/s (R,= 1.2x10°, close to the present study): Cp = 0.79
and C; =0. However, when the cable moved upward, the rivulet induced the flow
attached to the cable asymmetrically; this flow generated a wind pressure similar to that
in the one-bubble regime. During the process, the drag and lift coefficients were 0.51
and 0.58, respectively, at a wind speed of 20.2 m/s in the one-bubble regime (R,=
2.14x10°, much higher than the present study). Figure 8 shows that the rivulet-induced
attachment was not steady. When the cylinder exhibited the strongest upward velocity,

the attachment had the strongest intensity. By contrast, when the cylinder speed was
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considerably decreased, the attachment intensity weakened. Therefore, we assume that
the drag and lift coefficients exhibit a linear relationship with the cable vibration speed.

Consequently, the following equation is used:

o _(CoO0SI/0A) (<0) . _(079+C,0.T9-058)p/wd (<0)
L‘{ 0 (=0 D‘{ 0.79 G0 D

where 0 < Cy; <1 is the uniform coefficient and denotes the coherence of the boundary
layer attachment along the cable. When the attachment is ideally uniform along the
cable, Cy is equal to 1; when the attachment is completely chaotic along the cable, C;
is equal to 0. It is worth to note that Equation (11) is a linear interpolation of the
aerodynamic force coefficients. Although be accurate, it provides a simplified approach

to the initial model development. More accurate models need further investigations.

The relationship between the aerodynamic work and the cable vibration amplitude
is obtained by substituting equations (10) and (11) into equation (9) and applying
numerical integration. Two cases, namely, ideally uniform (Cy; = 1.0) and nonuniform
(Cy =0.7), are analyzed, and the results are shown in Figure 14. In the figure, the cable
vibration amplitude is normalized by dividing the cable diameter. Figure 14 also shows
that both structural damping and drag force exerts a negative work on the system,
whereas the lift force exerts a positive work. The total input energy (£) initially

increases and subsequently decreases with an increase in the nondimensional amplitude.
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569  When FE equals zero, the nondimensional amplitude is defined as the critical amplitude
570  (C,), indicating that the cable could steadily vibrate at this amplitude. For the ideally
571  uniform case (Cy = 1.0), C, is 1.59, which is much larger than the present observation
572 (0.46) in the wind tunnel test. When the nonuniform rivulet is considered (C;; = 0.7),
573  C4 is 1.03. The cable amplitude decreases when the boundary layer attachment is
574  nonuniform (Jing et al., 2015a). The difference between the experimental observations
575  and the numerical results could be attributed to the nonlinearity of the springs damping
576  under large deformation (Cosentino et al., 2003a) and the aerodynamic coefficients.
577  Nevertheless, this numerical analysis qualitatively verifies the proposed cable vibration

578  mechanism.
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580 Figure 14. Work versus nondimensional cable vibration amplitude
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Consequently, the excitation mechanism of RWIV is summarized as the interaction

between the cable, the boundary layer, and the upper rivulet as Figure 15 shows. When

the cable moves upward, the formation and oscillation of the upper rivulet induces the

boundary layer to attach to the cable, changes the wind pressure distribution, and

generates distinct upward lift forces and lower drag forces, as what happens in the

one-bubble regime. The aerodynamic forces acting on the cable produce a positive

aerodynamic work and excite the cable vibration. The local wind pressure changes the

upper rivulet’s shape. The cable vibration, in turn, changes the attacking angle of the

wind and provides inertial force on the upper rivulet, exciting the upper rivulet to steadily

and circumferentially oscillate on the cable surface. Consequently, the steadily and

circumferentially oscillating upper rivulet induces the boundary layer to attach. Besides,

the cable vibration also enhances the coherence of the upper rivulet along the cable and

harmonizes the attachment of the boundary layer along the cable, resulting in larger

resultant forces on the cable. When the interaction between the cable, upper rivulet, and

boundary layer reaches a stationary equilibrium state, the RWIV of the cable reaches a

steady state. However, as reported in a previous study (Jing et al., 2015a), the stationary

equilibrium state of this system could be non-unique and multiple in accordance with

the different initial conditions of the cable and the rivulet.
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Figure 15. Interaction between the upper rivulet, boundary layer, and the cable

6 Conclusions

In this study, the RWIV of a stay cable is successfully reproduced in an open-jet
wind tunnel. The upper rivulet and the cable displacement are synchronously measured
by videogrammetry. From the observed upper rivulet characteristics and the cable
vibration, a new excitation mechanism of RWIV is proposed, and a verification
numerical model is established. The main conclusions are as follows:

(1)  When a large RWIV of a cable occurs, the upper rivulet circumferentially
oscillates on the cable surface. The oscillation is relatively coherent along the
entire cable and almost in-phase with the cable when the vibration amplitude
is relatively large.

(2) The excitation of the RWIV can be attributed to the interaction between the

cable, boundary layer, and upper rivulet. When the cable moves upward, the
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616 oscillating upper rivulet induce the boundary layer to attach to the top side of

617 the cable, generating upward aerodynamic forces that exert a positive work
618 on the system. The cable vibration, in turn, harmonizes the upper rivulet
619 oscillation through relative wind direction variation and inertial force.

620 (3) The established numerical model qualitatively has verified the proposed
621 excitation mechanism.
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