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Abstract

Cables of cable-stayed bridges can experience rain—wind-induced vibrations (RWIV). This
instability involves lower frequencies and higher amplitudes than classical vortex-induced vibrations.
Furthermore, RWIV is restricted to a certain range of wind velocities, unlike linear 1 dof galloping.
When flowing along the cables, the water gathers near the separation points to form one or two
rivulets. Former studies which have described the coupling between the rivulets’ motion and the cable
motion assume the existence of at least one rivulet. In this paper, we address the conditions for the
formation of the rivulets. A two-dimensional model is developed within the lubrication theory,
describing the evolution of a thin film subjected to gravity, surface tension, wind and motion of the
cylinder. Numerical simulations show the appearance of the rivulets that are reputedly responsible
for the instability. The position at which the rivulets appear is found to vary with the wind speed and
the predictions of the model are in good agreement with new experimental data.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

On cable-stayed bridges, inclined cables connect the pylons to the deck, Fig. 1. The
cables can experience vibrations which are due to the presence of both rain and wind
(rain—wind-induced vibrations, RWIV). First reported by Hikami and Shiraishi (1988),
this particular type of instability happens under conditions of moderate rain and rather
low wind speed, typically 10m/s, and vibrations cease when the rain stops. Unlike the
instabilities due solely to wind, RWIV are not fully understood. Observations in full-scale
as well as experiments conducted in wind tunnels show that RWIV occurs only in cables
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Fig. 1. Cable-stayed bridge. Only cables declining in the wind direction undergo RWIV.

declining in the direction of the wind. The vibrations are generally cross-wind (Hikami and
Shiraishi, 1988). The amplitudes of such vibrations are higher, and the frequencies lower,
than those of vortex-induced vibrations (Hikami and Shiraishi, 1988). Furthermore, this is
a velocity-restricted phenomenon, unlike the linear one-degree-of-freedom galloping of
Den Hartog (1985), for which there is no maximum wind speed.

In unstable cases, the water flows around the cable and one to two rivulets form near the
separation points of the air flow around the dry cylinder (Bosdogianni and Olivari, 1996).
The two rivulets oscillate circumferentially, at the same frequency as the cable motion,
(Hikami and Shiraishi, 1988). Some sine waves travel along the upper rivulet, whereas the
bottom rivulet stays rectilinear (Wang et al., 2005). Authors agree that the presence of the
upper rivulet is required for the instability to take place (Matsumoto et al., 1995;
Bosdogianni and Olivari, 1996). It is unclear, however, whether the circumferential motion
of the upper rivulet is necessary or not. Experiments by Verwiebe and Ruscheweyh (1998)
and Flamand (1995) tend to show that an artificial rivulet fixed on the cylinder, exposed to
a RWIV-like wind, does not provoke instability. On the contrary, Bosdogianni and Olivari
(1996) and Matsumoto et al. (1995) observe vibrations of the cable in similar experiments.

RWIV causes fatigue and necessitates earlier replacement of the cables. Counter-
measures to avoid this phenomenon that are based on the disorganization of the rivulets
have been studied. Flamand (1995) and more recently Gu and Du (2005) have tested
several solutions such as a wire spiralling around the cable.

Some models intended to describe the coupling between the upper rivulet and the cable
motion have been developed. Yamaguchi (1990) presented a galloping model with two-
degrees-of-freedom, which has been extended more recently by Peil and Nahrath (2003)
and Peil et al. (2003) to more degrees-of-freedom.

These models assume the existence of at least the upper rivulet. In this article, the
conditions for the appearance of the rivulets are investigated. A new model is presented in
Section 2 that describes the evolution of a thin water film around a moving cable subject to
wind. Numerical results from this model are discussed in Section 3. In Section 4, the
position of the rivulets predicted by the model is compared to data from new experiments.

The details for the derivation of the model may be found in Lemaitre (2006). Some more
experiments and a simple criterion for determining the existence and the position of the
rivulets are presented in Lemaitre et al. (2006).

2. Model

This section presents a new two-dimensional model based on lubrication theory. The
model describes the behaviour of a thin water film in a cylindrical configuration, evolving
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under the effect of gravity, surface tension, wind and motion of the support. Reisfeld and
Bankoff (1992) derived the equations for a thin film surrounding a cylinder, subject to
gravity and surface tension. Following a similar approach we modelled the actions of wind
and cable motion on the film, by considering them as an external forcing.

2.1. Geometry and notations

A thin film of thickness /(6) is considered, surrounding a horizontal cylinder of radius R
(Fig. 2). The film is assumed to be continuous: there is no dewetting and the quantity of
matter is constant (no drop break-off). It has a characteristic thickness /. It is subject to
gravity g = —ge, and to a homogeneous surface tension, y, independent of 6. If an inclined
cylinder were considered instead of a horizontal one, the effective gravity would be lower.
The wind blows from the left with a horizontal upstream velocity Veo, = vgoo€y that
produces pressure and friction coefficients Cp(0) and Cy(0), respectively, at each point on
the film surface. As the rain—wind-induced vibrations are mostly transverse to the wind
direction, the cable may undergo a vertical motion. Its displacement, y = ye,, has a
characteristic amplitude y, and its evolution in time, with a characteristic time 7, is
described by a function f, y(f) = y,f(¢/T,), which is assumed to be twice differentiable.
The function f might be a sine-function; the time 7, would then be its period. The
acceleration of the cable produces an added gravity that depends on time,

. Yo t
g, = —)ye, = ——f (—)e . (1)
a Y Ti Ty ¥y

2.2. Navier— Stokes and boundary conditions
The Navier—Stokes equations are written for the water film,

Dv
o= p(g+g,) — Vp+ uAv,

Vv=0,
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Fig. 2. Water film around a cable subject to gravity, surface tension and swept by wind.
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where v is the velocity field in the water film, p is the water density, p is the pressure in the
film and u is the dynamic viscosity of water. In the local frame (e,,eg), the position
of a water particle is expressed as r =re, (R<r<R+h) and its velocity decomposes
into v = ue, + vey. The Navier—Stokes equations are written in cylindrical coordinates, see
Eq. (A.1) in the Appendix A.

In the whole paper, partial differentiation in space and time will be noted 9y, 0z, 0, and
07. The order of differentiation, n, will be indicated by superscripts, 9".

The associated boundary conditions are: (i) the water particles do not slip on the cable,

u=0v=0. 3)

(i1) The water—air interface is a material surface that no water particle can cross. The
normal velocity of a water particle on the interface is thus equal to the normal velocity of
the interface,

u=h+ gagh. “)

(iii)) The jump in the normal shear stress is balanced by the surface tension (Batchelor,
1994)
(6g—om=A"m, &=—pl+uVWv+(W)'], 6y=—p, O+, (5)

where 6, and ¢ are the stress tensors of the gas and the water, respectively, y is the surface
tension, I is the identity tensor, p, is the air pressure at the interface and t, is the viscous
stress tensor of air. At each point of the water—air interface, the normal and tangential
vectors read,

o 172
t=i(%er+ee), n:i(er—@ee), N=(1+(aiﬁl)> . (6)

N N
The curvature 2#°(0) of the free surface of the film is Ibrahim (2005)
_ (R+h)’ +2(@h) — (R+ h)ogh

[(R+ 1) + @oh)’T?

The boundary conditions are thus expressed in cylindrical coordinates, which may be
found in the appendix (Eq. (A.3)).

H'(0)=V.n (7

2.3. Lubrication and dimensionless equations

The assumptions of lubrication are now made: (a) the Reynolds number based on the
film thickness is close to one, Re;, = hyv/v = 1; (b) the film is thin compared to the cable
radius, /g < R; (c) the film thickness 4 evolves ‘slowly’ with 0, 0ph < R. As a consequence,
the following dimensionless variables are defined for the liquid

R h() v
= — = — T = —
U " u, V " v, Rin t,
_ /1(3) é_r—R H—h ®)
- pszP, - h() ’ _h().

They are based on viscosity scales and are assumed to be of the order of one.
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An external wind load is acting on the water surface. This load is nondimensionalized
with the classic pressure coefficient and a normalized friction coefficient which has been
divided by its maximum value,

t.7g.n re Cr
=5 f ==
(1/2)pyv2, max(Cr)
When writing the Navier—Stokes and the boundary condition equations in a non-

dimensional form, Egs. (A.4) and (A.5) of the appendix, the small parameter ¢ = hy/R and
the following dimensionless numbers appear:

Cy )

G ghy o vhg _ wohy _ 2nRhy
3v?’ 3pv2R* 3v2T§’ YT,
3 2
o PaVanclty P PaVaoclty max(Cr) (10)
6pviR’ 4pv? '

The numbers G, S, o/, 2 and & compare the actions of gravity, surface tension, cable
acceleration, air pressure and air friction, respectively, to the action of water viscosity. The
reduced pulsation €, compares the cable motion characteristic time to the viscous time.

Only the terms of leading order in ¢ are retained, yielding the linearized Navier—Stokes
equations

0:P=0,
1/ Qy 2
-3 G+ Af 2—T cos0 — 3P +0:V =0,
T
0:U~+0)V =0 (11)

and the linearized boundary condition
Uleeop = Vgm0 =0,
Uleey =07H + V];_p0OyH,

1
—32Cp+ Ple—y = 3S<E —H- a§H>,

297ff—(V5)|5:H=0. (12)
Eq. (11c) is integrated between ¢ = 0 and ¢ = H; the condition Ul:_y = 0 is then used,
H
U=— dyV dé. (13)
=0

This is injected into Eq. (12b) and condensed into

H
orH + 9y [/ Vdf] — 0. (14)
4

=0

The pressure in the water film P is independent of & (Eq. (11a)). The expression for P given
by Eq. (12¢) is thus valid in the whole film and is injected into Eq. (11b),

1
02V =3(G + f")cos 0 + Oy [33(g —H- agH) + WCP] ) (15)
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This last equation is integrated twice with respect to £ and Eqgs. (12a) and (12d) are used
to obtain

V =3[(G+ f")cos 0 — SQ@H + S H) + Poy(Cp))(&* — 2HE) + 27 CrL. (16)

This expression for the azimuthal velocity is replaced in Eq. (14) and we finally obtain

OrH + p{—[G + " (Q,T /21)|H? cos 0 + S H + Oy H)H?
— P(Cp)H + F CrH*} = 0. (17)

This is an equation of conservation of the thickness H, with a flux g,

OorH + aeg =0,
g =[—(G+ f")cos 0+ S(QgH + Oy H) — P3e(Cp)|H> + F Cr H. (18)

For o« =0, 2 =0 and 4 =0, Eq. (17) is the same as that presented by Reisfeld and
Bankoff (1992, Eq. (4.16)). The form of the air friction term is consistent with Eq. (2.31) of
Oron et al. (1997) for a thin film on a plane.

3. Evolution of a film under a wind load

In this section, Eq. (17) is solved in the range of typical parameter for rain—wind-induced
vibrations. It is assumed here that the wind load on the film is the same as the wind load
that would apply around the dry cable. The values of the wind load around a dry cable are
supposed to apply along the local normal and tangent vectors of the water film. The
Reynolds number based on the cable diameter in RWIV conditions is

2Rvg00

Vg

Re, = ~ 10, (19)
where v, is the air viscosity, the typical cable radius being R = 0.1 m and the typical wind
speed vgo = 10m/s. Achenbach (1968) measured the pressure and friction distributions
produced by an air flow on a smooth cylinder oriented in the cross-flow direction. His
results at the same Reynolds number are used for the computations (Fig. 3).

The control parameters of Eq. (17) have been computed for experiments from the
literature in Table 1, with a typical water thickness of sy = 5 x 10~#m. It is remarkable
that the pressure number £ and the friction number % are of the same order of magnitude.
The friction of air will consequently have a major effect on the dynamics of the film and
cannot be neglected.

Eq. (17) is a partial differential equation of the fourth order that is nonlinear with
nonconstant coefficients. It is thus not solvable analytically and numerical computations
are needed. The computations are carried out with a pseudo-spectral method: a Fourier
spectral method in space and an Adams—Bashforth scheme of the fourth order in time.
Fig. 4 shows a resolution of Eq. (17) with a static cable, .« = 0 and the other parameters
computed from Flamand (1995). At the initial time, the thickness of the film is constant in
space, H(0,0) = 1. The resolution in space is of N, = 128 points and the time step is
dT = 107°. At the top and at the bottom of the cylinder, two water bulges form, which
are the bidimensional traces of the rivulets. They are located in the neighbourhood of the
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Fig. 3. Distribution of the wind load around a smooth dry cylinder at (o) Re, = 10° and (x) Reg = 3.6 x 106,
measured by Achenbach (1968): (a) pressure coefficients; (b) normalized friction coefficients. The maximum of the
subcritical friction coefficient is max(Cr) = 1.7 x 1072 and max(Cy) = 4.1 x 10 in the supercritical case.

separation points that would be exhibited by the air flow around the dry cylinder. The
bulges’ size increases until the lubrication assumptions are violated. Under the effect
of gravity the bottom protuberance grows faster than the upper one. As observed
by Reisfeld and Bankoff (1992), a cusp is bound to appear at 0 = 37n/2 under gravity
action, but its formation is slower than the dynamics of formation of the rivulets due to
wind loads.
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Table 1
Parameter values for experiments from the literature

N

Authors € G S o Q, ?

Hikami and Shiraishi (1988)

Full-scale 71x 1073 41x10° 44x1073 27 44%x10> 43 1.6 x 10
Wind tunnel 71x 107 41x102 44x107° 46  22x10°0 43 1.6 x 10
Flamand (1995) 63x 1070 41x10° 30x107° 75 25x10° 38  1.6x 10
Matsumoto et al. (1995) 50x107%  41x10> 25x107° 22 15x10> 29 13x10°

Wind

Fig. 4. Numerical solution of Eq. (17) starting from a homogeneous film, subjected to gravity, surface tension and
wind. The cable radius is R = 0.08 m. The film thickness shown is one hundred times the actual thickness. (- )
film at 7 = 0s; (=) film at 7 = 6.9 x 1073 s (T' = 1.7 x 1073); (o) separation points of the air flow around the dry
cable.

In order to study the relative effects of friction and pressure, the two following artificial
cases are considered:

(i) A film of initial constant thickness is subjected to surface tension (S = 3.0 x 107%) and
pressure (2 = 3.8 x 10"), the other terms of Eq. (17) being set to zero (G =0, .o/ =0
and # = 0).

(i1) Another computation is done in which only the terms due to surface tension
(S = 3.0 x 107%) and friction (Z = 1.6 x 10%) are retained (G = 0, o7 = 0 and 2 = 0).

The same numerical parameters as above are implemented (N, = 128, d7 = 107%) to give
the results which are presented in Fig. 5. Both computations show the appearance and
growth of two rivulets in the region of the separation points. The rivulets created by
friction grow with a characteristic time similar to the time necessary to form the rivulets
under pressure. Moreover, the rivulets due to pressure are located slightly upstream of the
friction generated rivulets. The action of friction appears to be of same importance as the
pressure action in the rivulet generation.
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Wind

Fig. 5. Comparison of pressure and friction actions. The cable radius is R = 0.08 m. The films shown at 7 =
6.9 x 107*s (T = 1.7 x 107°) are one hundred times the actual size: (—) film evolving under pressure and surface
tension only; (——) film evolving under friction and surface tension only; (o) separation points of the air flow
around the dry cable.
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Fig. 6. Experimental setup for the study of the position at which the rivulets appear. In a wind tunnel, a cylinder
is inclined in the direction of the flow. It is covered with milk that is fed from the top through a funnel: (a) side
view; (b) a cylinder section.

4. Position of the rivulets

In this section, we focus on the position at which the rivulets are formed. A new
experiment has been conducted in the Mechanical Engineering Department of the
Hong Kong Polytechnic University. A black cylinder continuously coated with milk,
which flows from a funnel reservoir, is hung in a wind tunnel. The cylinder is fixed, slightly
inclined from the vertical at an angle « = 2.5°, declining without yaw in the wind direction
(Fig. 6). The setup is video-recorded from the side and optically treated to access to the
position of the rivulets, 6,.

In Sections 2 and 3, the gravity was orthogonal to the wind direction. On the contrary,
in the experimental configuration, the projection of the gravity on a plane normal to the
cylinder axis, gsina, is parallel to the projected wind direction, v, Fig. 6(b), and our
model reads

drH + 0p{[—Gsinasin 0 + S@yH + 0 H) — 209(Cp)|H* + 7 CrH*} = 0. (20)

Note that there is no term due to the acceleration of the cylinder, since it is static in the
experiment.
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The position of the thickness maxima can be computed for several wind speeds by using
the numerical method presented in the previous section. The cylinder radius is R =
7.5 x 10~% m and the tested wind speed ranges from Ugoo = 0 to 10m/s so that the Reynolds
number of the air flow based on the diameter is subcritical Rey = 2Rvgoo /vy = 0-10°.
However, the rivulets are located close to the separation points so that transition might
occur due to a rugosity effect (Szechenyi, 1975) and the flow might become supercritical.
Therefore, the computations have been conducted both for subcritical and supercritical
wind loads (see the pressure and friction distributions for both the cases in Fig. 3). The
pressure and the friction numbers £ and & are proportional to the square of the wind
velocity. In Fig. 7, the position of the rivulets, 0, is plotted as a function of véoo.

The theoretical results are found to be in good agreement with the experiments. In the
absence of air flow, a single rivulet exists at 6, = 0°. When the wind tunnel is turned on, the
competition of gravity with wind pressure and friction results in the formation of one or
two rivulets, whose positions depend on the wind speed. At low airspeed, only one rivulet
forms at 6, = 0°; when the speed is increased, the single rivulet splits up into two
symmetrical rivulets; the rivulets move leeward as the flow speed is further augmented; a
maximum position 0, = O,y is then reached. The experimental saturation angle 6;)F =
78° is bounded by the subcritical and supercritical values, 0°"> = 68° and 0°'2 =91°,

max

which may indicate that laminar-turbulent transition of the boundary layer occurs.

5. Conclusion

We have presented here a model that describes for the first time the evolution of a water
film around a cylinder under the action of wind and cylinder motion. This model recovers

180 . .
160 | .
140 | -
120 | .
s> 100 | 10597 = 91°
&
80 r 'airfgz =T78°
60 | .95%)1 = 68°
40 |
20
0
10 100 107 102

VR (m?57%)

Fig. 7. Position 0, of one rivulet as a function of the wind speed vy A second rivulet exists at the symmetrical
position —6,. Experimental results (o). Theoretical results for subcritical coefficients (—) and for supercritical
coefficients (——).
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well the appearance of the two water rivulets that are claimed to be responsible for rain—wind-
induced vibration of cables of cable-stayed bridges. In accordance with previous experimental
observations, the rivulets form in the region of the separation points of the air flow around
the dry cable under the combined effect of air pressure and friction. The friction is shown to
play a significant role in the generation of the rivulets. In rain-wind-induced vibrations, the
lift force is related to the position of the rivulets for which we provided here a predictive
model. The angular position of the rivulets, 6;, has been also investigated experimentally. The
angle 6, is found to be an increasing function of the wind velocity for low velocities where
gravity is progressively overcome by wind action. For higher velocities however, the position
is independent of the wind velocity and experimental results range between the values
computed with subcritical and supercritical acrodynamic pressure data.
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Appendix A

In the local frame (e,, eg) the Navier—Stokes equations (2) read,

2 20
p (aﬂ/l + uaru + Ea@u - U) = p(g + ga)'e)‘ - a)p + N(Au - 750 - L;) B
r r r r

v uv 200u v
p (atv + ud,v + ;697-7 + 7) =p(g+g,)e —0pp+u (AU — Tg — }’2> s

0, 0
Or(ru) , Bov _
r r

0. (A.1)

where the operator 4 applied on a scalar s signifies

0,(rd,s) 0
_ (r S)_i_ﬁ

As .
r r?

(A.2)

The boundary conditions on the air—water interface at r = R+ h, Eq. (5), are also
expressed in cylindrical coordinates,

() =] oo () +3)]

2
- L(l 4Ol _ @)
r r

N3 r3
2
|- (@) 1 <ra(§) +a’%‘>} —0. (A3)

409h
fo — i{——e(u + Bp0) +

2u
—Pgt+p— m{(“ + 9yv)

N2 V2
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Once put into a nondimensional form, the Navier—Stokes equations (A.1), become

VoyU &
1+sé_e(1+s£)>
O:(1 4 e U] SfopU 268300V
I+eg ) (1 +e8 (146
VooV  eUV
1+ & 1+8~f)
%P | (65[(1+65)V]> 05V 28%00U
1+8¢ 1+ 8¢ (1487 (1 +e&”
0:[(1 + e&)U) 4 3y V = 0. (A.4)

&’ (aTU+ Ud:U +

= —3¢Gsin 0 — 0:P + £%0; (

s<aTV+ Ud:V +

= —3Gcosl —

By nondimensionalizing Egs. (A.3) and (A.4), the boundary conditions on the water—air
interface, £ = H, become

26200H o H )2 1
—32C,+P———"" LU+ | =) ——
vt ey YT YY) (1+8H o H
|4 SzagU
—(1 + ¢H)d: -
(14 )ag<1+£§> 1+¢H
_3383[ 1 e(0gH)’ oO3H }
N el +eH)  T(14+eHY  (1+eH)Y]
— 1 482691‘1
2F Cp — —{ —————(sU + gV
f N2 (1+8H)2( 0 )
eoH \* 14 oU
+ 1_(1+3H> <(1+8H)a‘—<1+aé>+1+81{ =0,
VooH
U=0rH + 1o (A.5)
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