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Abstract

Aerodynamic countermeasures are among the most effective waystigate rain-wind induced vibrations
However, the vibration control mechanism is in many cases still unclear. Egenpresents a numerical model for
a cable section with an arbitrary 2D shape, able to geometrically descrilgreemic countermeasures, excited by
both wind and rain. Based on lubrication and vibration theory, 2pledwquations for the water film evolution and
for the across wind cable vibration are derived. Wind pressugdriction coefficients, for the different evolving
water-film morphologies, are calculated by CFD software, while thenitastaous water film distributioandthe
vibration of the cable are calculated by numerically solving theva@tbdoupled equations. For the case of rib
additions to a nominally circular cable, the model shows that thefieect impact on the formation and dynamic
characteristics of the critical for rain-wind induced vibrations ugpelet. Particularly, depending on the rib number
andposition(s), the countermeasure can become effective or not by atteziagroelastic lift acting upon the cable,
and redistributingts frequency content associated with instability phenomena.
Keywords: Rain-wind induced vibrationsVibration mitigation Stay cables; Rivulet; Lubrication theory

Aerodynamic countermeasures
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1. Introduction

On rainy and windy days, cable-stayed bridges, with cables incliitieith \& certain range of angles to the wind,
may experience low frequency and large amplitude vibrsititbis phenomenon is broadly described with the term
rain-wind induced vibrations (RWIVs). Since the phenomenon was fopefy framed by Hikami and Shiraishi in
1988 (Hikami and Shiraishi, 1988), RWIVMsve been the focus @fconsiderable volume of research. Nowadays,
RWIVs are considered serious threat to the structural integritibgeause of the large stress
amplitudes they impose on cables, and particularly their supportscieéh fatigue implications that could well
result to failures and substantial economic losses due to trafficel.i et al., 2006; Gu et al., 2007).

RResearchers, through timeave proposed a series of effective countermeasures to mitigate raininked |

vibrations of cablés. These are typically divided into three tym¥sdynamic countermeasures (Flamand, 1995; Gu | commented [NN1]: So the whole literature should not for
et al., 2005; Li et al., 2005; Kleissl and Georgakis, 2011; Li et al., 2013), strumturdermeasures (Wei and Yang, instance refer to Vortex related countermeasures

2000; Caracoglia and Jones, 2005; Bosch and Park, 2005; Caracoglia and Jonesra@6gli€and Zuo, 2009;

Ahmand et al., 2015; Zhou et al., 2015) and mechanical countermeasures 2RBhain and Jones, 2003; Chen,

2005; Casciati and Ubertini, 2008; Cheng et al., 2010; Boston et al., 2011; Fanchiéheng, 2014; Egger et al.,

2016; Raftoyiannis and Michaltsos, 2016). Because of the advantagescoftamd easy maintenance, aerodynamic
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countermeasures are currently populgr in cable-stayed patigeser the world; famous examples are the cases of
thef Suton}y Bridde in Chinzhe Normandy Bridgl in France, the Cooper River Bridge in USARioa-Antirion

Bridge in Greece and many othekerodynamic countermeasures consist of cable additions like hetirgituidinal Commented [NN2]: Need the references for each

grooves, protuberandes and other similar flow spoilers. It has beadlpaccepted that it is the appearance and
oscillation of an upper, with respect to the flow, rivulet tirates the associated vibration phenomenon. As such, for
anaerodynamic measure, the rationale to make it effective in its wibnatitigation role, is to alter the surface and

Commented [NN3]: Need the references for each (or 1

reference stating this as such)

shape of the cable in order to inhibit the appearance and beoktillation of any upper rivulets. Many experimental
researches and numerical simulations have been conducted to fully charatterinitigation mechanism for
different aerodynamic countermeasures. Flamand (1995) analyzed theowilmaiirol effect of longitudinal ribs
and helixes, and concluded that the function of them was to reduce the corbalatiean rivulets and the wind flow.
Wind tunnel experiments bgu et al. (2005) established that only hexvith certain diameter, height and twining
direction characteristics could restrain RWIVs effectivelyet al. (2005) introduced the equivalent damping ratio
as in aerodynamic dampirtg,quantiatively evaluate the effects of aerodynamic countermeasures in RWINimgsist
performance, presenting also through wind tunnel experiments tihedlaomping contributions are more substantial
for the case of longitudinal ribs and helixes than for that of ellipticgs.An extensive wind-tunnel test campaign
by Kleissl and Georgakis (2011), considering many different nslrape options, showed that shrotdd a
stabilizing effetwhen added to a circular cylinder, while at the same time thdg significantly also reduce vortex-
induced oscillating lift forces; morphologies like that of a wavy, ldinally, cylinder and a hexagonally faceted
cylinder were shown to be unstable, at least for the specific geordetails selected.i et al. (2013, 2014)
investigated the effects of parametefshelical lines on RWIV control employing initially wind tunnel teatsd
numerically analyzing the end result of variations in termseofithan drag coefficient, the fluctuating lift coefficient,
the vortex shedding frequency, and the correlation coefficient along the cable axi

Clearly, the majority of researchers that study rain-wind aerodynegnictermeasures, do so by mainly using
wind tunnel experiments, which are extremely difficult to accuratelpdege the evolution of the water film around
a tested cable. However, combining with full-scale observationis, gffectively captured that it is always the
formation of rivulets that drive any dynamic instability medkam(Verwiebe and Ruscheweyh, 1998; Peil and
Nahrath, 2003; Gu and Du, 2005). Having said that, the detailed complex interbetivasn the external coupled
rain-wind flow, the evolution of the water film and the vibratwfithe cable is not always unique, and there is no
consensus on best selection of aerodynamic countermeasures. This maklevant design process rather heuristic
andsometimes uncertain for engineers that need to take decisioreneroaone basis, supported by explicit tests.
Therefore, it seems necessary to complement the field with more thalmesiearches that could support developing
numerical simulation toslable to capture the vibration control actions of aerodynamic countermeasarés
rationalize design.

In this paper, a new model based on lubrication theory (Lensittk, 2006 and 2007), is presented in Section 2
to describe the evolution of the water film around a rain-wind segbstay cable with an arbitrary 2D cross-sectional
shape. Namely, 2D coupled equations governing the across wirmhrabthe cable anitis water film development
are derived. As means of validation, numerical results focake of a nominB circular section cable are compared
against wind tunnel dynamic test data in Section 3. In Settitre results of water film evolution and vibration for
a stay cable equipped with different setups of longitudinalaibspresented and analyzed in order to elucidate the
vibration control mechanism of rib-like aerodynamic countermeasures.

2. Theoretical Lubrication Model
This part initially presents the kinematics of a thin water filat ttovers the surface of an inclined cable with an
arbitrary cross-sectional shape. Subsequently, 2D coupled eguédiothe water film evolution and the cable
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vibration are established by combining lubrication theory and vilbr#tieory for single-degreaf~freedom motion
(Bi et al. 2013 and 2014). The proposed extension over past similanefgg@llows particularly the equations of
water film evolution to be able to capture more generic morphologiesti¥és as is the case of aerodynamic
countermeasures.
2.1 Evolution equation for the watfim

As shown in Fig. 1(a), under the action of gravity g and horizontad Wh, a generically inclined cable covered
by a water film of thicknes&®, ¢) is assumed. The inclination anglé0° < a < 90°) and yaw angle  (0° < 8 <90°)
fully capture the geometry of the problem. Namely, the two also define gietzetween the gravity normgy and

the wind-cable normal velocityn vectors; thigs noted asd + 7 / 2, whered = arctan(sinx - taf ; see e.g. Bi et

al. 2013.
The A-A cross-section of the stay cable, shown in Fig. 1lipken as the object of this study. The distane s(
between the nominal centre and the surface of the cable is not antwitst&R being the designation for the minimum

value of sf). The gravity component along the cahielany other influence of axial flow is neglected.

' 270°

(a) spatial position of stay cable with water film (b) section profile of stay cable
Fig. 1. Model of stay cable.

According to the lubrication theory, the equation of water fildesved by the Navier-Stokes equations written
as

Du
pE—p(gN -®-Vp+phu (1)

V-u=0

The velocity vector fiel#l , water density, pressurd® and dynamic viscosit¥ of the water film are as denoted
by Lemaitre et al., (2007). The vector of velocity is decomposediiatl, € + U,€g,, and in the same way we
proceed for g, = gie + gie,and &= fe +8&’¢,, whereffis the vector of acceleration of the cable in the across
wind direction. (e, ,ee) stands for the pair of unit vectors in the polar coordinate system, withatke film being
bounded between th&(@) =1 and the s(6) + W@, ) =r curves (i.e. instantaneous water thickness and radius
variable designated by(é,t) and r respectively). In polar coordinates the Navier-Stokes equations take the form

Y
r
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u, 1 2 u,
P[at“o Y0, +-20,Y —%}P( d-&)--2, P*u(A w50, u—r—ij ®
%ar(rur)+%89ug =0 @

Dimensionless variables are defined as

R R hs h
U=—u,, V=—u,, P= ,G=—27q,.
Vur Vug pVZRp G 3‘/ng
3 r-R
wlbg Do 5
37 TR hy ©

where R is the initial thickness of water film around the cabled v is the kinematic viscosity of the water film.
Employing these, Egs. (2) - (4) are written in their equivalentdimensional fornas

2
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o.[a+&V]+o,v =0 (8)
Neglecting any high orderterms (i.e. thin-film assumption), Egs. (6) - (8) become

8:P=0 (©)

-3Gcog0-5)+ Fcod—0,P+d?V= (10)

o.U+0,V=0 (11
Egs. (9) - 11) are subject to the no-slip conditions at the cable surface

U =u,=0 on r=s(6) (12)
andat the waterair interface, to the kinematic condition

u, :%:a‘h+l'lriag(h+ 9 on r:s(0)+ h(ﬁ,t) (13)

the normal stress condition



nl-(o-gfc)-nlzlq/ on r=s(6)+h(0,1) (14)
and the tangential stress condition
t,-(65—0)-n; =0 on r=s(6)+h(6,1) (15)
where 65 and © are the stress tensors of air and water respectively, at the interfacewofivweand airy is the
coefficient of surface tension an&l is the curvature of the free surface, given by

(s +2[0,(s+ BT (s hoi( s p

k=V-n = 3 (16)
2 2)2
{(s+ h)*+[8,(s+ B] }
The normal n; and tangentialt; vectosare given by
1 1
n=— 6 —-=0,
- Lo -2ose) @
1(1
t, =E(Fa"re’ +e‘,j (18)

with N, =1L (0,1 (19)
r

The normal and tangential stress conditions of Eq. (14) and Eq. (1&ssegrin polar coordinates become

2u R 1. Y u) 1 2t y[1 2. .
_pg +p- lel’ {(Ur +09u§)l:[raa rj _1}_09 '{ rae(%j"’?‘% U}}— legr ae h:Nif F+F(69 ‘j

1
Tzaﬂ (20)
4 1, Y u) 1
tl-og-nl—”z{—zagr(u, +agqg)+[1—(agr] }{r@e["}aeu‘}}o (21)
N~ r r r r
The following dimensionless numbers need to appear within the bowatatitions
t,-o,-N
_p Uiy L c_a = Py C, =2 %M
= s o= 57T, —83 2, P TR 1 Uz
6pv°R PV'R oV 2PaN 2PsN
s v h
S==, K=x-R, T=5—-t, H=— 22
g K=rR, Ry h (22)

where pqis the air density,Ty is the viscous stress tensor of air, 8db the air pressure at the air - water film

interface.
When the dimensionless numbers defined in Eq. (22) are substitutedjgt@ g - (13), andEcs. (20) - (21),
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the modified boundary conditions are written as

(A:S—_l,B:—S_1+H)
& &

U |§:A=V |5:A=0 (23)
Y, 1 HV
U=6H+0H+(C~"0)"0,S (24)
-3RC, + P:ﬁ (25)
&
P 1 1
3;Cf _NTZ[S‘E @, 5)2}9: \,L:B =0 (26)

The dimensionless form of the boundary conditiggs. (23 - (26) are substituted into the equivalent Navier-
Stokes equation&gs. (9) - (1), to finally obtain

&(S+eH) ¢ 2 1

S—g(ags)z}

3PC, N/
oH J{M—Eaas-am} —3(Gcos(9—§)—&c0§+P80CP+%60K}H2+ [ N
&

(27)
3PC, N/

2{5—%(69 s)z}

Eq. (27) is the evolution equation for the water film when thissresta cable with arbitrary section. Faf)st R,

+0, {{—Gcos@—&ﬁ &cosefpa(,cpfgaﬂK}Hu H2l=0
&

S =1, the equation is used for a cable with 2D circular cexd®aal shapdeq. (27) agrees with the earlier equations
given by Bi et al. (2013) for the special case of a circular cylinder atdtin@se of Lemaitre et al. (2007) and
Robertson et al. (2010) for the cdle cylinder is also stationary.

The across wind motion equationadingle-degreef-freedom equivalent stay cable is given by
2 1
&+ 200, E 8+ )y - v F,=0 (28)
wherew, ,&,, M, F, are the circular natural frequency, damping ratio, mass and lift of the cable reslgecti
F, =.|‘:”[F, (6)sing+ F,(6)co®| &, F,(#) and F,(6)are the normal and tangential forces of water film bottom
(r=s6)).

The stress tensos, of the water at the water filmcable interfacés
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The normal n, and tangentialt, vectors at the bottom of the water film (i.e. cable-surface) are given by

n, i[e.—fagseej (30)
N
1(1
t, :Niz(gﬁaser +ee) (31)
with N, = 1+é(aﬂs)2 (32)

Then we obtain

1 S . 0
F,(e)=e(-co»n2=[N—2(—p+zm,u)—%<o,Lwe—r”——%)]:s (33)
o,u u,
Fu(e)=e0~co‘n2=[Ni2(a,uu+ Sy Ni( p+2u “*’+2y—;)L (34)
The dimensionless forms oF, (¢) and F,(9) are given by
2 0,
1 O= TR0 Rt 205 0y T ) (@)
K K Y4 Y %S, P %Y LU
=% Fg)= A W S (L LU N
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Using the rest of the dimensionless numbers defined in Eq. (5), Eqs(88))ecome
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The lift of the cable can thus be expressed as

F, =%2j§”[ 2(6)sind-+ 7, (6) coy | do (39)

2.3 Numerical solver and parameter selection

Wind pressureC,and friction C; coefficient are leading parameters within the water film evolution Eq. (27).
Because of variatioris the rivulet position and shape, both, and C; vary with time. For their calculation the
CFD software COMSOL Multiphysics, which can compute thestantaneous values and subsequently stream
output to Matlab quidy, is usedEgs. (27 - (28) are evaluated in Matlab; being fourth and second order non-linear
partial differential equations respectively, a finite difference sehesing an N-point spatial discretization is
employed to solve both of them. The flow chart for the numerical soltdidre used is shown in Fig. 2. This is
equivalent to the one of Bi et al. (201@here the reader can getore comprehensive description of its rationale

and origins.

‘ Input initial parameters ‘
]

Increment time step T=Tdf ‘

T<Tmax

End
T=Tmax

Calculate displacement and
acceleration of cable by differen
method using Eq(28)

Calculate dimensionless
numbers using Ed5) and @2)

Calculate the lift of cable by

numerical integration using E(B9)

Numerical calculate and outdut
C,and G

\ Calculate thickness of water film
| difference methodusing Eq (27)

Fig. 2. Flow chart of numerical calculation scheme.

An equi-spaced distribution oN =128 circumferential pointanda time-step of At =10*s were chosen for
the scheme. Conforming to the experiment of Li et al. (2010), thénmam rivulet thickness is set at 1.25mm. In
order to keep the water film continuguthe minimum rivulet thickness is assumed as 0.02mm. The parameters
Eas (27 - (28) are such that comply with details in the experiment of Li et al. (2010), anstedeiri Table 1.

Fig. 3 shows tam of circular section stay cabléowditudinal ribs. The height and width of
the ribs are 2mm and 7.4mm, respectively. In any case, ribs atierxsion only one side that corresponds to the
upper rivulet formation region, promoting though due to thgmasetry ordinary dry galloping phenomena.
According to the experiment of Li et al. (2010), the oscillatioryeanf upper rivulets i§ ~ 30°~75°. Therefore, in
Fig. 3 there are two options with ribs locateds=30° and¥s=60° (close to the start and end points), (a), and another
where three ribs are located #s=30°, 6=45° and#s=60°, (b). The function s(8) is defined via assigning the

relevant 128-point valués Matlab.
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Tablel
Values of parameters used in the numerical calculations.

Parameter Value
Cable radius, R 0.05m
Cable natural frequency; f 0.95Hz
Cable inclination anglex 30°
Wind yaw anglef 225
Acceleration of gravity, g 9.8 m/g
Density of water? 10° kg/m?
Kinematic viscosity of wate, 10 m?/s
Surface tension coefficient of water in the 4ir, 7.2X10% N/m
Density of airpy 1.225 kg/md
Damping ratio&, 0.17%

90° ¥ 90° y
L.,

180° 180° 0°

'270° ' 270°
(a) cable with two ribs; (b) eabiith three ribs.

Fig 3. Section profile of studied stay cables with longitudinal ribs.

3. Modé verification

For sp) = R, S = 1, the model describes a cable wigferfect circular cross-sectional shape. In order to validate
the proposed theoretical model and numerical procedure, numerical aesutsnpared against the previously cited
wind tunnel test data (Li et al., 2010).the experiments of Li et al., RWIVs occurred in the wind spegibn of
Uo=6.76-8.04 m$, with substantial detail given for the case efW72 m &, whichis herein selected.

Fig. 4 shows the cable across wind responsétsieduivalent power spectrum density during t = 0-80 s. Ihitial
the motion amplitude starts off from 0.02m. Tlitdncreasesontinuously until t = 27 s, whehreaches its maximum
of 0.10 m. This value is close to the wind tunnel data of 0.09i et @l., 2010). The dominant motion frequency is
identified at 0.99 Hz, which is also close to the experiaietata of 0.95 Hz.
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Fig. 4. Vibration response and frequency of the cable
Fig. 5 presents the evolution of the water film around the circular caipiegt = 40-80s. An upper rivulet
formation keeps oscillating significantly, while a lower one ahmaintains stable. For the former, the oscillation
range is between 30° and 75°. Similar results are also obseryedvitmd tunnel. Further, the mean thickness of the
upper rivulet is 0.49 mm which is also close to the experimgrhserved 0.51 mm. In order to research the time
variation ofthis upper rivulet, the thickness and power spectrum density of the fitat atd = 56.25° , this being
close to the expected formation point, are shown in Fig. 6. Nathelftequency content is primarily at the motion

frequency and its higher, odd and even, harmonics, matching again obsetvatio

360
AN AN AAN)

240

180

0 (degrees)

120

60

0
40 45 50 55 60 65 70 75 80

Time (s)

Fig. 5. Evolution of the water film around the cable
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Cable lift and its associated power spaladiensity are presented in Fig. 7, in order to compare against cathles w
ribs. The lift varies between 0 and 1.3N, with a dominant frequat@@9Hz. Fig. 8 combines output for the water
thickness atl = 56.25°, the lift and the motion for t = 50-80Although the thickness data show some spikes, all
signals look synchronized between them promoting resonance and inteph&iimmena.
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Fig. 7. Lift and frequency of the cable
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Fig. 8. Combined information for the water film, lift and oscillation of the cable

4. Results
4.1 Mbration response of cable with ribs

Compared with the case atircular cable, the vibration response, lift and evolution of thendifitefor a cable
with longitudinal ribs are calculated and analyzed to investigate finet ef the modified aerodynamic shape on
RWIVs.

Figs. 9 and 10 show the vibration responses and frequency spéatreables with two and three ribs, respectively.
The dominant frequend0.97Hz), in both caseis close to the natural frequency prescribed (0.95Hz). In Fig. 9, the
amplitude keeps stable at 0.03 m, which is much lower than thae ofrtlular cable. This means that cables with
two ribs hae good performance on restraining the large amplitudes RWIVs.

In Fig. 10, at the start, the amplitude of the cable is even lessnQ) &2d gradually further decays unti 24 s,
when the cable can even be considered not moving. As such, the aerodynawimirtiree ribs is superior to that
of two ribs, resulting to an over ten-fold comparative vibration reductioeast for the wind angles considered
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ja) |
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|
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Time(s) Frequeney(Hz)
Fig. 9. Vibration response and frequency analysis of cable with two ribs
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-0.04-" i
-0.05 . . | | | | | 0.000
0 10 20 30 40 50 60 70 80 ) 34
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Fig. 10. Vibration response and frequency analysis of cable with three ribs
4.2 Aerodynamic lift of cable with ribs
Figs. 11 and 12 present lift and its frequency spectrum, agiagables with two and three ribs respectively. Lift
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for both caseis always negative, something which agrees with the fact thaathace position of vibration in Figs

8 and 9 are below zera [Fig. 11, the lift varies between -1.4N and -0.6N. Although the dominantérmecy (0.97Hz)

is approximately equal to the specified natural frequency of the @BEHz), the energy content on the dominant
frequency is much reduced compared to that of the circular cahilg in, Besides, there is also considerable energy
distribution below 0.97Hz. Thus the two rib cable could nbtate at the large amplitude of the Fig. 4 case.

In Fig. 12, the lift varies between -1.1N and -0.5N, and itsar@gmaller than that in the case of the circular cable
in Fig.7. The lift oscillations at hig frequencies, 11.88Hz, 23.76Hz and 35.64Hz, are clearly connected to vortex
shedding. This may be the reason why the resonance phenomenon adaezbieot appear, and the vibration
amplitude of cable almost gradually decays to zero.
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Fig. 11. Aerodynamic lift and frequency analysis of cable with two ribs
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Fig. 12. Aerodynamic lift and frequency analysis of cable with three ribs

4.3 Evolution of water film around cable with ribs

Figs. 13 and 14 show the evolution of water film around cable withand three ribs, respectively. In Fig., 13
lower rivulet is formed atd ~ 278.£ and oscillates betweef =~ 275.6 and 6~ 286.9, the average height and
width are 1.25mm and 2.62mm, respectively. Located in the oscillaiaye of upper rivulet, the two ribs have an
effect on the formation and oscillation of upper rivulet. Altilothere exists three evident upper rivulets between
the two ribs, unlike the rivulet in Fig. 5, the rivulets iig.FL3 almost do not oscillate, and the maximum height of
upper rivulet is 0.43mm which is lower than that in FigBBsides, as the ribs impede water film to flow along the
cable, two stationary rivulets are formed with a thickness of In2&tthe upper edges of the ribs, there arealso
little water accumulating at the lower edges of the ribs with a thicknesg6shith.
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In Fig. 14, the appearance of lower rivulet occurs almost at the saeneadmparing with the case of cable with
two ribs, and lower rivulet is formed af ~281.3 and oscillates betweed ~275.6 and 0~ 286.8 . The
height and width are 1.25mm and 2.18mm, respectively. Unlike the casiesutdr cable and cable with two ribs,
there is not obvious rivulet among the three ribs. It is the ribs theept the formation of upper rivulet. Water film
accumulates at the upper edge of the ribs with the thicknesa5sfith, while at the lower edge of the ribs thickness

of water film is only 0.23mm.
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Fig. 13. Evolution of water film around cable with two ribs
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Fig. 14. Evolution of water film around cable with three ribs
In order to further investigate the evolution of water film amation of upper rivulet, thickness of water film at
0=56.25 is selected to compare with the case of circular cable in Figs. #&dl36 show the thicknessand
frequency analysis of water film around cable with two and three ribb® giosition ofg = 56.25. In Fig. 15, the
thickness of water film varies between 0.23mm and 0.30mm whictvés than that of the circular cable (0.52mm).

There are two dominant frequencies, 0.97Hz and 13.41Hz, the dometauericy (13.41Hz) of water film thickness
14



at #=>56.25 also has a bit energy.

In Fig. 16, the maximum thickness of water film is 0.035mthictv is close to vicinal water film. There is no
apparent upper rivulet existing around the cable, and the dominamtificdes are 11.89Hz and 23.76Hz, which hold
only a little energy. Thus the resonance between evolution of watarfd vibration of cableannot occur, and the
vibration amplitude of cable gradually decays to zero.
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Fig. 15. Thickness and frequency analysis of water film around cable with two ribs at ttierposy = 56.25
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Fig. 16. Thickness and frequency analysis of water film around cable with three ribs at tlenpidgit= 56.25°

Figs. 17 and 18 show the coupling relationships among thex filat thickness af = 56.25°, aerodynamic lift
and vibration amplitude of cable with ribs from t = 50s to 60sidn ¥, the dominant frequency of water fifd
=56.25° is comparable to the vibration frequency of the cable, hovtlegemriation law of aerodynamic lift has no
periodicity. The vibration control mechanism of cable with two ribdccba ascertained as follows: As the two ribs
are located in the oscillation range of upper rivulet, some water ataesat the upper and lower edges of the ribs
rather than merge into upper rivulet. Although several upper rivatetformed between the ribs, the thicknesses of
the rivulets are much smaller than that of the circular cable. &edide ribs also decrease the oscillation range of
upper rivulets, the interaction among the upper rivuletsgbratbout the disorders of rivulets, thus the dominant
frequency (13.41Hz) of water film thickness at the positiofi ©%56.25° also has a bit energy distribution. Because
of the thinner upper rivulets and disorders of rivuletsptredicityof aerodynamic lift is not very obvious, thus the
amplitude of the cable is much smaller than that of the circular cable.

In Fig. 18, although the cable vibrates with natural frequeneyevblution of water film and aerodynamic lift
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fluctuate with no apparent periodicity. The vibration control rae&m of cable with three ribs could be concluded
as follows: Unlike the case of cable with two ribs, three ribs impefthation of upper rivulet. Water film mainly
accumulates at the upper and lower edges of the three ribs, and water film thicknes6.25° fluctuates with no
obvious periodicity. The aerodynamic lift also varies with noqulicity, therefore, the resonance between rivulets
and cable is suppressed and the amplitude of the cable gradually decays to zero.
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Fig. 18. Coupling relationship among water film, lift and oscillatidrcable with three ribs

5. Conclusions

In this study, 2D coupled equations governing vibrationadfle withan arbitrary shape and evolution of water
film are both established. To analyze a possible vibration conéhamism, the vibration characteristics of the cable
with longitudinal ribs, the rivulets and the aerodynanticalie investigated by solving the coupled equations. The
following conclusions can be drawn from this study:

(1) The numerical model and solution process have been demonsirb¢ealdcurate and effective, the investigations
of circular cable are in excellent agreement with experimental refigdtsegonance between rivulets and cable
may be one of the main reasons for RWIV.

(2) Cable with two ribs at the position @=30° andds=60° could not vibrate with large amplitude because the ribs
have an effect on the formation and oscillation of upper rivulétisodgh several upper rivulets are formed, the
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thicknesses of upper rivulets are much lower than the case of circular cable. Also,ligi@®osenge of upper
rivulets is smaller and the periodicity of upper rivulatsveaker. Thus the aerodynamic lift is smaller and has
no obvious periodicity, therefore the resonance between water film arddcegs not occur.

Cable with three ribs at the position &£30°, 6=45° andfs=60° respectively could not vibrate with large
amplitude because the ribs impede the formation of upper rivuleg, i&1eo apparent upper rivulet formed on
cable surface. The subtle change in water film morphology could not bring atggiamplitude of lift, and lift
variation has no periodicity, thus cable vibration gradually decaysdo zer

The RWIV control effect of cable with three ribs at the positibfs=30°,0s=45° and¥s=60° is much better than
the case of cable with two ribs at the positiordsf30° andfs=60°. Although two ribs have an effect on the
formation of upper rivulet, there are still several uppeulets formed around the cable. While three ribs could
completely hinder the formation and oscillation of upper rivulet wtiché main reason of RWIV.
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