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1.1 The list ranks the world's cable-stayed bridges by the length of main span;

Sutong Bridge (China), Pont de Normandie (France), E'dong Bridge (China), Tatara Bridge (Japan), Russky Bridge (Russia), and Stonecutters Bridge(China) from left to right and from top to bottom. . . . . . . . . . . . . . . . . . . 1.2 RIWV phenomena observed in the cable-stayed bridges: Meikonish Bridge (Japan) [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF], Fred Hartman Bridge (Houston, USA) [START_REF] Main | A comparison of full-scale measurements of stay cable vibration[END_REF][START_REF] Zuo | Field observation of vortex-and rain-windinduced stay-cable vibrations in a three-dimensional environment[END_REF][START_REF] Zuo | Interpretation of field observations of wind-and rain-wind-induced stay cable vibrations[END_REF][START_REF] Main | Characterization of rain-wind-induced stay-cable vibrations from full-scale measurements[END_REF], and Donating Lake Bridge (China) [START_REF] Ni | Field observations of rain-wind-induced cable vibration in cable-stayed dongting lake bridge[END_REF] from left to right. . . . . . . . . . . . . 1. 3 The scheme for simulating the process of natural rain was employed either by sprinkling water from the showers near the top boundary (left-side) [START_REF] Verwiebe | Recent research results concerning the exciting mechanisms of rain-wind-induced vibrations[END_REF] or form the top plastic tube injecting on the cable (right-side) [5] 

Background and motivations

Cable-stayed bridge has one or more towers, from which cables supported the bridge deck, and is widely used throughout the world due to its structural efficiency, economical benefit, and aesthetic look. Cable-stayed bridges date back to 1595, where designs were found in Machinae Novae, a book by Venetian inventor Fausto Veranzio. Many early suspension bridges were cable-stayed construction, including the 1817 footbridge Dryburgh Abbey Bridge, James Dredge's patented Victoria Bridge, Bath (1836), the later Albert Bridge (1872) and Brooklyn Bridge (1883). In the twentieth century, the steel-decked Strömsund Bridge designed by Franz Dischinger(1955) was more often cited as the first modern cablestayed bridge. Early bridges from this period used very few stay cables, as in the Theodor Heuss Bridge (1958). However, in view of the substantial erection costs, more modern structures tend to use many more cables to ensure greater economy. Wide application of cable-stayed bridge system has been realized particularly with the introduction of high-strength steels, development of welding and erection techniques, and progress in structural analysis. The list ranks the world's cable-stayed bridge by the length of main span(Fig. 1.1). The Sutong Yangtze River Bridge strides over the Yangtze River in China between Nantong and Suzhou with a span of 1,088 meters (3,570 ft) and the total bridge length 8,206 meters (26,923 ft). The Pont de Normandie is a cable-stayed road bridge that stands over the river Seine linking Le Havre to Honfleur in Normandy, northern France, with total length 2,143.21 meters (7,032 ft) and main span length of 856 meters (2,808 ft). The Edong Yangtze River Bridge, a cable-stayed bridge across the Yangtze River in Hubei Province in eastern China, connects Huangshi and Xishui County with a main span of 926 m(3,038 ft). The Tatara Bridge is also a cable-stayed bridge, as part of the Nishiseto Expressway, commonly known as the Shimanami Kaidō. The bridge has a center span of 890 meters (2,920 ft). The Russky Bridge is a cable-stayed bridge, built across the Eastern Bosphorus strait, which is the world's longest cable-stayed bridge with a 1104 m long central span and total bridge length of 1885.53 m. Stonecutters Bridge is a high level cable-stayed bridge which strides across the Rambler Channel in Hong Kong, connecting Nam Wan Kok, Tsing Yi island and Stonecutters Island with a main span of 1,018 m (3,340 ft). Rain-wind-induced vibration(RWIV) of stay cable is hypothesized to be a new type of instability phenomenon, which often occurs by the combined influences of rain and wind, may cause fatigue damage and corrosion to cable, and affect the safety of the entire bridge eventually. First observation of RWIV phenomenon was made in the Koehlbrand Bridge in Hamberg in 1974, where very large amplitudes of the cables were observed in rainy and windy whether conditions. The rain-wind-induced vibration of stay cable was also observed in the Brotonne Bridge in France [START_REF] Wianecki | Cables wind excited vibrations of cable-stayed bridges[END_REF], which occurred under rain and wind conditions and also reported by [START_REF] Hardy | Research on the dynamics of bundled conductors at the hydro-québec institute of research[END_REF][START_REF] Hardy | The influence of spacer dynamic properties in the control of bundle conductor motion[END_REF] [START_REF] Hardy | Research on the dynamics of bundled conductors at the hydro-québec institute of research[END_REF][START_REF] Hardy | The influence of spacer dynamic properties in the control of bundle conductor motion[END_REF]. During the construction period of the Meikonishi Bridge in Japan, [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF] [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF] also observed that the cables manifestly stable with respect to wind conditions, became unstable with the rain combined the wind conditions. Yoshimura(1992) also reported that the cable vibration during the construction of the Aratsu Bridge in Japan was always accompanied with light rain and was in the most cases limited to the cables, which geometrically declined in the direction of the wind [START_REF] Yoshimura | Aerodynamic stability of four medium span bridges in kyushu district[END_REF]. Shortly after completion of the Erasmus Bridge in Rotterdam, the main span cables suffered aerodynamic instabilities with large amplitudes, which were recognised as rain-wind-induced vibrations [START_REF] Geurts | Numerical modelling of rain-wind-induced vibration: Erasmus bridge, rotterdam[END_REF][START_REF] Geurts | Estimation of the effects of rain-wind induced vibration in the design stage of inclined stay cables[END_REF]. More recently, Main andJones(2000,2001) observed the cable instabilities of Fred Hartman Bridge in Houston, USA [START_REF] Main | A comparison of full-scale measurements of stay cable vibration[END_REF][START_REF] Main | Characterization of rain-wind-induced stay-cable vibrations from full-scale measurements[END_REF]. Additionally, RWIV phenomena were also observed in the cable-stayed bridges system, i.e., the Faro Bridge in Denmark, the Tenpohzan Bridge in Japan, and the Donating Lake Bridge and the Yangpu Bridge in China.

To investigate the mechanisms of RWIV, field observations were carried out by previous researchers [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF][START_REF] Main | A comparison of full-scale measurements of stay cable vibration[END_REF][START_REF] Main | Characterization of rain-wind-induced stay-cable vibrations from full-scale measurements[END_REF][START_REF] Zuo | Field observation of vortex-and rain-windinduced stay-cable vibrations in a three-dimensional environment[END_REF][START_REF] Zuo | Interpretation of field observations of wind-and rain-wind-induced stay cable vibrations[END_REF][START_REF] Matsumoto | Field observation of the full-scale wind-induced cable vibration[END_REF][START_REF] Ni | Field observations of rain-wind-induced cable vibration in cable-stayed dongting lake bridge[END_REF][START_REF] Zuo | Interpretation of field observations of wind-and rain-wind-induced stay cable vibrations[END_REF], however, there are still some drawbacks for field measurements in full-scale bridge: possibility of randomness and uncertainty influencing on the measurement results, high costs investment, high risk possibility, limitation of the site, and long term observation; difficultly to capture and control the physical parameters, i.e., rain intensity, wind velocity, yaw angle, inclined angle, the natural frequency of the cables, and the damper of the stay cables; and the measure instruments limitation to obtain the rivulets' positions, geometry, thickness, and the motion state of the rivulets.

A series of wind tunnel experiments of stay cables segment with artificial rivulets or rain condition simulated have been performed to reproduce rain-wind-induced vibration of stay cable in model tests [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF][START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF][START_REF] Verwiebe | Recent research results concerning the exciting mechanisms of rain-wind-induced vibrations[END_REF][START_REF] Flamand | Rain-wind induced vibration of cables[END_REF][START_REF] Gu | Experimental investigation of rain-wind-induced vibration of cables in cable-stayed bridges and its mitigation[END_REF][START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF]. The concluding remarks, both from the artificial rainfall wind tunnel experiments and artificial rivulets wind tunnel experiments indicated that, the oscillation upper rivulets locked-in with the stay cables are mainly caused by RWIV phenomena and RWIV was identical to a self-excited, amplitude-restricted and velocity-restricted vibration; the formation, development, and evolution of the upper rivulets affected significantly and considerably RWIV phenomena; the vortex shedding frequency around the rivulets near the separation line approached to the nature of the circumferentially oscillating rivulets and this would caused RWIV phenomena, RWIV was defined as rivuletvortex-induced vibration. The wind tunnel experiments were effective and powerful way to investigate the mechanism of RWIV phenomena. However, there are some drawbacks for wind tunnel tests, i.e., the boundary conditions were different between the wind tunnel experiments and the field observation results, blocking effects existed in wind tunnel experiments due to the limitations of the wind tunnel; Reynolds number effects existed in wind tunnel experiments due to the rescaling model; the supporting conditions affected the flow structure near the cable section model.

Compared with field observations and wind tunnel experiments, theoretical analysis towards the prediction of rain-wind-induced vibration have been implemented [START_REF] Yamaguchi | Analytical study on growth mechanism of rain vibration of cables[END_REF][START_REF] Geurts | Estimation of the effects of rain-wind induced vibration in the design stage of inclined stay cables[END_REF][START_REF] Xu | Analytical study of wind-rain-induced cable vibration: Sdof model[END_REF][START_REF] Wang | Wind-rain-induced vibration of cable: an analytical model (1)[END_REF][START_REF] Wilde | Simple model of rain-wind-induced vibrations of stayed cables[END_REF][START_REF] Van Der Burgh | Rain-wind-induced vibrations of a simple oscillator[END_REF]144,[START_REF] Seidel | Rain-wind induced vibrations-phenomenology, mechanical modelling and numerical analysis[END_REF][START_REF] Peil | Rain-wind induced vibrations of cables in laminar and turbulent flow[END_REF][START_REF] Ni | Field observations of rain-wind-induced cable vibration in cable-stayed dongting lake bridge[END_REF][START_REF] Gu | Experimental and theoretical simulations on wind-rain-induced vibration of 3-d rigid stay cables[END_REF][START_REF] Xie | Calculation model and mechanism analysis for rain-wind-induced vibration of stay cable[END_REF][START_REF] Li | Analysis of rainwind induced cable vibration using spatially measured aerodynamic coefficients[END_REF]. Although these models tried to clarify the mechanism of RWIV phenomena in different ways, such models fail to provide enough detailed information to describe the rainwater morphology, i.e., the thickness, positions and geometry of the rivulets in different time points, and aerodynamic characteristics of the stay cable, either obtained by wind tunnel tests or obtained by the quasi-steady theory, during the analysis process of RWIV phenomena. Furthermore, there is none standard model so far accepted by researchers.

With the development of computer hardware and Computational Fluid Dynamics (CFD) method increasingly, the applications of the technique of numerical simulation for rainwind-induced vibration have been adopted widely [START_REF] Rocchi | Vortex shedding from a circular cylinder in a smooth and wired configuration: comparison between 3d les simulation and experimental analysis[END_REF][START_REF] Li | Numerical simulations of flow around stay cables with and without fixed artificial rivulets[END_REF][START_REF] Li | A numerical and experimental hybrid approach for the investigation of aerodynamic forces on stay cables suffering from rain-wind induced vibration[END_REF][START_REF] Xie | Numerical investigation on effects of rivulet and cable oscillation of a stayed cable in rain-wind-induced vibration[END_REF][START_REF] Lemaitre | Rainwater rivulets on a cable subject to wind[END_REF][START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF][START_REF] Robertson | Numerical simulation of rivulet evolution on a horizontal cable subject to an external aerodynamic field[END_REF][START_REF] Taylor | New developments in rain-wind-induced vibrations of cables[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF][START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF][START_REF] Taylor | Numerical simulation of the airflow-rivulet interaction associated with the rain-wind induced vibration phenomenon[END_REF][START_REF] Taylor | Numerical investigation of the coupled interaction between an unsteady aerodynamic flow field and a water film coating on a circular cylinder[END_REF]]. Some of these numerical models can capture the liquid-gas interface, and some of these numerical investigations can obtain the aerodynamic force. However, rain infall intensity was ignored. Further investigation should go forward to clarify the mechanism of RWIV phenomena.

The mechanisms of rain-wind-induced vibration of stay cable have not been fully understood, which were attributed to that the cable-stayed bridges are a very complicated solid-gas-liquid interface coupling phenomena, and the field observations, theoretical model, wind tunnel experiments, and the previous numerical models may not be realistic to clarify the mechanisms of RWIV due to their own drawbacks. Furthermore, the phenomena of RWIV can not be studied in detail yet. There are lack of reliable, powerful numerical models, which greatly hamper research on rain-wind-induced vibrations of stay cables.

Research objectives

This thesis thus aims to develop a systematic numerical framework, supported by field observations, wind tunnel experiments, and the previous numerical models, to explore the mechanisms of rain-wind-induced vibrations of stay cables with following five main objectives:

Firstly, to investigate the position of artificial rivulet effects on the vortex shedding structure, pressure distribution around the cylinder surface, and the lift force dominant frequency, the separated method is implemented based on the assumptions that the rivulets regarded as a fixed solid surface attach on the cable, corresponding to the artificial rivulets wind tunnel tests.

Secondly, to capture the rainwater morphology evolution process along the circumference of cylinder surface, the semi-coupled method is adopted based on simplified Navier-Stokes equations with the lubrication theory.

Thirdly, to consider the turbulent effects, multiphase interface coupling effects, and the high nonlinear and complicated interface during the rainwater morphology evolution process along the circumference of cylinder surface, the coupled method is extended based on the VOF method.

Finally, to perfect the physical boundary conditions to keep the rainwater volume of surrounding the cable surface constant, to avoid the small rain droplets scattered in the air needs tremendous computational resources in coupled method from the numerical aspects, to develop high accuracy numerical models for RWIV, and to clarify the mechanisms of RWIV, a multiphase multiscale model (MMM) based numerical simulations for stay cable is established.

Assumptions and limitations

Rain-wind-induced vibration of stay cable is a complicated solid-gas-liquid interface coupling phenomenon. The numerical models developed in the thesis are based on the following assumptions and limitations.

Firstly, the separated method is implemented based on the assumptions that the rivulets regarded as a fixed solid surface attached on the cable, corresponding to the artificial rivulets wind tunnel tests, and the monotone integrated large eddy simulation (MILES) is also incorporated to evaluate the sub-grid stress terms.

Secondly, the semi-coupled method is simplified multiphase incompressible Navier-Stokes equations with the lubrication theory, additionally, physical interface coupling phenomena and the turbulent transport phenomenon between multiphase interface are ignored. Furthermore, supposing the volume of rainwater film attached on the cylinder is constant.

Thirdly, there still exist some limitations of the 2-D coupled model , e.g., neglecting the secondary axial flow. However, considering the validation results and numerical efficiency. As compared with the 3-D model, the location, geometry, and oscillation of rainwater rivulet along the axis of cable are assumed to be homogenous and the secondary axial flow and three dimensional nature of wind-cable environment are ignored in the coupled model.

Finally, the proposed multiscale and multiphase model assumes homogeneity for the location, geometry, and oscillation of rainwater rivulets along the axis of the cylinder, in addition, the effects of secondary axial flow, the phase differences along the axis of the cylinder, and the differences between 2D and 3D turbulence effects, i.e., inverse energy cascade, are not considered in this thesis.

Cable vibrations in cable-stayed bridge system

The trend of building super longer span cable-stayed bridges introduces many new challenges to the bridge engineers and designers. One of the new challenges is related to long and flexible stay cables due to the low internal structural damping and prone to parametric excitation vibration, vortex-induced vibration, wake galloping, and rain-wind-induced vibration.

Parametric excitation vibration

Parametric excitation vibration of stay cable is driven by harmonic oscillator, which are induced by varying system parameter variations at different frequencies. Vibrations of cables may be induced by small periodic movements of their cable anchorages either on the deck or the pylons. The vibrations of the decks and the towers, which are excited by wind actions on them or traffic loading on the deck, induce the movement of the cable anchorages on the bridge [START_REF] Lilien | Vibration amplitudes caused by parametric excitation of cable stayed structures[END_REF][START_REF] Perkins | Modal interactions in the non-linear response of elastic cables under parametric/external excitation[END_REF][START_REF] Rega | Parametric analysis of large amplitude free vibrations of a suspended cable[END_REF][START_REF] Sun | Cable oscillation induced by parametric excitation in cable-stayed bridges[END_REF][START_REF] Wanxie | Numerical study on parametric resonance of cable in cable stayed bridge [j][END_REF][START_REF] Zhan | Numerical study on parametric resonance of cables in cable stayed bridges[END_REF][START_REF] Su-Zhe | Parametric oscillation of super long stay cables [j][END_REF][START_REF] De Sá Caetano | Cable vibrations in cable-stayed bridges[END_REF][START_REF] Cai | Dynamics of elastic cable under parametric and external resonances[END_REF][START_REF] Xia | Auto-parametric vibration of a cable-stayed-beam structure under random excitation[END_REF][START_REF] Zhang | Parametric vibration of carbon fiber reinforced plastic cables with damping effects in long-span cable-stayed bridges[END_REF][START_REF] Wang | Cable vibration for cable stayed bridge by parametric response [j][END_REF]. Due to these low frequencies movement effect, parametric excitation vibration is probable to occur. The unstable range of excitation increases very quickly with excitation amplitude, and large amplitudes of the end point oscillations, almost all the frequency ranges become unstable. Amplitude oscillations causing fatigue and contact between stay cables would bring a great damage to bridges. Kovács pointed out the danger of instability when the girder or mast frequency is closed to twice a cable frequency, an instability condition and a simplified formula for the maximum amplitude were given; Tagata studied the first mode parametric excitation and derived a a non-dimensional non-linear Mathieu equation for the movement at mid-span of a weightless string [START_REF] Tagata | Parametric oscillations of a non-linear string[END_REF]; Labeeuw gave minimal values for cable damping to avoid instability due to a time variable cable tension; Takahashi calculated the instability boundaries of the main instability region of the Strutt diagram based on the eigenvalue method; and Hsu and Szemplińska-Stupnicka [START_REF] Szemplińska-Stupnicka | The generalized harmonic balance method for determining the combination resonance in the parametric dynamic systems[END_REF] have made two important advances in the knowledge of the mathematics of systems of equations with periodic coefficients.

Vortex-induced vibration

Vortex-induced vibrations(VIV) occurs, when the vortex shedding frequency is synchronized to the natural frequency of the structure, i.e., the structure frequency would lock-in the vortex shedding frequency. Other significant characteristics of VIV are that the excitation frequency of the fluctuating drag frequency being twice that of the fluctuating lift; hysteresis behavior, deriving from the fluid due to different wake patterns that form in response to the amplitude of oscillation; and the abrupt phase shift between the lift and the cylinder crossflow displacement. Vortex-induced vibration (VIV), has been investigated over the last two decades, many of which are related to the push to explore very low mass and damping, and to the unavailability of new computational and experimental techniques. New concepts and phenomena generic to VIV systems, pay special attention to the vortex dynamics and energy transfer that give rise to modes of vibration, the importance of mass and damping, the concept of a critical mass, the relationship between force and vorticity, and the concept of "effective elasticity", among other points [START_REF] Williamson | Vortex-induced vibrations[END_REF][START_REF] Khalak | Motions, forces and mode transitions in vortexinduced vibrations at low mass-damping[END_REF][START_REF] Brika | Vortex-induced vibrations of a long flexible circular cylinder[END_REF][START_REF] Kim | Two-dimensional vortex-induced vibration of cable suspensions[END_REF][START_REF] Evangelinos | Dns-derived force distribution on flexible cylinders subject to vortex-induced vibration[END_REF][START_REF] Evangelinos | Dynamics and flow structures in the turbulent wake of rigid and flexible cylinders subject to vortex-induced vibrations[END_REF][START_REF] Zhou | Vortex-induced vibrations of an elastic circular cylinder[END_REF][START_REF] Matsumoto | Vortex-induced cable vibration of cable-stayed bridges at high reduced wind velocity[END_REF][START_REF] Guilmineau | Numerical simulation of vortex-induced vibration of a circular cylinder with low mass-damping in a turbulent flow[END_REF][START_REF] Every | Vortex-excited vibrations of cylinders and cables and their suppression[END_REF][START_REF] Vandiver | The relationship between in-line and cross-flow vortex-induced vibration of cylinders[END_REF][START_REF] Bearman | Circular cylinder wakes and vortex-induced vibrations[END_REF].

Wake galloping

Wake galloping has been reported to be caused by the wake interference between two circular cylinders [START_REF] Tokoro | A study on wake-galloping employing full aeroelastic twin cable model[END_REF][START_REF] Zdravkovich | Review-review of flow interference between two circular cylinders in various arrangements[END_REF][START_REF] Meneghini | Numerical simulation of flow interference between two circular cylinders in tandem and side-by-side arrangements[END_REF][START_REF] Zdravkovich | The effects of interference between circular cylinders in cross flow[END_REF][START_REF] Zdravkovich | Flow induced oscillations of two interfering circular cylinders[END_REF][START_REF] Zdravkovich | Review of interference-induced oscillations in flow past two parallel circular cylinders in various arrangements[END_REF][START_REF] Assi | Experimental investigation of flow-induced vibration interference between two circular cylinders[END_REF][START_REF] Fujino | Vibration mechanisms and controls of longspan bridges: A review[END_REF][START_REF] Yoshimura | A device for suppressing wake galloping of stay-cables for cable-stayed bridges[END_REF][START_REF] Yamada | Control of wind-induced cable vibrations from a viewpoint of the wind resistant design of cable-stayed bridges[END_REF][START_REF] Yoshimura | Wind-induced oscillations of groups of bridge stay-cables[END_REF]. It has been pointed out that accelerated gap flow around the cylinder in the leeward plays an important role for the violent vibration. The characteristics of the vibration against the cable arrangement, wind speed, Reynolds number, and Scruton number have been clarified to some degree. The characteristics are listed as follows, the most significant vibration was observed when the spacing ratio W /D was 4.3 and the incidence angle of wind axis was 15 • ; 1st mode was dominant; and dominant axis of the vibratory displacement was changed by the combined effect of Reynolds number and reduced wind speed.

Rain-wind-induced vibration

Rain-wind-induced vibration is hypothesized to be a new type of instability phenomenon, which often occurs by the combined influences of rain and wind, may cause fatigue damage and corrosion to cable, and affect the safety of the entire bridge eventually. The main characteristics of RWIV can be summarized as follows,

(1) The occurrence of rain-wind-induced vibration is significantly related with combined influences of rain and wind [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF];

(2) The occurrence of rain-wind-induced vibration is significantly limited to the cables which geometrically decline in direction of wind;

(3) Rain-wind-induced vibration occurs within the limited range of wind speed, especially in subcritical and critical Reynolds number range;

(4) Rain-wind-induced vibrations are characterized by a much lower frequency than vortex induced-vibration and by a much higher amplitude with the modes of vibration varied from a fundamental to 4th mode and the dominant frequency of vibration felt into the range of 1 Hz to 3 Hz;

(5) Rainwater gathers and forms rivulets, which oscillating in circumferential direction of cable surface when RWIV occurs.

The rain-wind-induced vibration has been the subject of significant work in recent years to ensure the serviceability and safety of the bridge, and to reduce maintenance costs. Maximum double amplitudes of rain-wind-induced vibrations have been reported as 600 mm(Brotonne Bridge), 1000 mm(Koehlbrand Bridge), 2000 mm(Faroe Bridge), and 1950 mm(Tenpohzan Bridge). The phenomenon is of great interest in this thesis. Therefore, a more detailed literature review on this topic is provided in the next section.

Literature review: rain-wind-induced vibration

Most have focused on rain-wind-induced vibration(RWIV) from the field observation, wind tunnel tests, analytical model, and the numerical investigation aspects.

Field measurement

Under conditions of rain combined with the wind loads, RWIV phenomena prone to occur in the cable-stayed bridges(Fig. 1.2). RWIV was firstly observed and defined during the construction of Meikonishi bridge by Hikami [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF], characterized by a much lower frequency around 1 -3Hz than a vortex induced oscillation combined with a much higher amplitude around 55cm under wind velocity 14 m/s combined with the rain. The measurement was carried out by the 24 cables of south-side plane extending from the east-side pylon, which lengths varied from 65 to 200 m. Particular wind-rain-stay cable configuration, participation of the medium intensity rainfall and the limit range of the wind speed were the necessary conditions of RWIV excitation. Furthermore, it was also observed that the attached rainwater would forming rivulet, and oscillating along the circumference of cables. Fig. 1.2 RIWV phenomena observed in the cable-stayed bridges: Meikonish Bridge (Japan) [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF], Fred Hartman Bridge (Houston, USA) [START_REF] Main | A comparison of full-scale measurements of stay cable vibration[END_REF][START_REF] Zuo | Field observation of vortex-and rain-windinduced stay-cable vibrations in a three-dimensional environment[END_REF][START_REF] Zuo | Interpretation of field observations of wind-and rain-wind-induced stay cable vibrations[END_REF][START_REF] Main | Characterization of rain-wind-induced stay-cable vibrations from full-scale measurements[END_REF], and Donating Lake Bridge (China) [START_REF] Ni | Field observations of rain-wind-induced cable vibration in cable-stayed dongting lake bridge[END_REF] from left to right.

During a long-term filed measurement at the Fred Hartman Bridge in Houston, Texas, some characterizations of RWIV were present [START_REF] Main | A comparison of full-scale measurements of stay cable vibration[END_REF][START_REF] Main | Characterization of rain-wind-induced stay-cable vibrations from full-scale measurements[END_REF]: root mean square displacement amplitudes were estimated as large as 50 cm among 15 stay-cables; the number of the dominant vibration mode ranged from 1 to 4; the dominant vibration frequencies were between 1 to 3 Hz. Furthermore, the wind direction relative to the stay cables, the yaw angles and inclinations of stay cables had significant effects on RWIV phenomena. The wind velocity ranged 4-14.5 m/s and the rain intensity were also considered during the observation.

Observations were investigated further on the Fred Hartman Bridge [START_REF] Zuo | Field observation of vortex-and rain-windinduced stay-cable vibrations in a three-dimensional environment[END_REF][START_REF] Zuo | Interpretation of field observations of wind-and rain-wind-induced stay cable vibrations[END_REF]. Stay cables can exhibit multiple modes due to three-dimensional nature of the cable-wind environment, similar to vortex induced vibration(VIV). The similarities between RWIV and VIV might be due to vortex-induced type of excitation, different from Karman vortex shedding, however, RWIV is induced by Karman vortex shedding enhanced by periodic vortices along the stay cable surface remained unclear. The difference between RWIV and VIV was that RWIV occurred at much larger amplitude and at much higher wind speed than it did in VIV, although the amplitude of both did appear to be self-limiting.

A full-scale stay cable model with 30 m long polyethylene pipe for cable-stayed bridges was exposed to natural wind and rain conditions to investigate the RWIV phenomena [START_REF] Matsumoto | Field observation of the full-scale wind-induced cable vibration[END_REF]. Without precipitation, the vibration was induced by the Karman vortex shedding, due to the dominant frequencies of acceleration PSD 14.6 Hz(7th mode) and 18.6 Hz(8th mode) approached to the natural frequency of the stay cable; with precipitation, the vibration, with the dominant frequencies of acceleration PSD 4.0 Hz(3th mode) and 5.96 Hz(4th mode) at high reduced wind velocity, might be considered as the rain-wind-induced vibration.

The field measurements were conducted on the cable-stayed Donating Lake Bridge for continuous 45 days to investigate the RWIV phenomena [START_REF] Ni | Field observations of rain-wind-induced cable vibration in cable-stayed dongting lake bridge[END_REF]. The critical mean wind velocity producing RWIV were 6-14 m/s; the critical mean wind direction(relative yaw angle) ranged from 10 • to 50 • ; RWIV occurred in light-to-moderate rain(less than 8 mm/h); the cable in-plane acceleration response amplitudes were approximately two times the out-ofplane acceleration response amplitudes in RWIV, furthermore, dominant mode of RWIV was the third mode in all RWIV events; the majority of the response involves participation of the dominant mode as well as other low-order modes.

Wind tunnel tests

In wind engineering, wind tunnel tests are used to measure the velocity around, and forces or pressures upon structures. Very tall buildings, buildings with unusual or complicated shapes (such as a tall building with a parabolic or a hyperbolic shape), cable suspension bridges or cable stayed bridges are analyzed in specialized atmospheric boundary layer wind tunnels.

There is a long upwind section of the wind tunnel to accurately reproduce the wind speed and turbulence profile acting on the structure. Wind tunnel tests provide the necessary design pressure measurements in use of the dynamic analysis and control of tall buildings. For RWIV phenomena, two ways are divided for investigation: Artificial rain infall wind tunnel tests, which employed the rain infall instrument to simulate the real process of the natural rain; Artificial rivulets wind tunnel tests, which assumed a fixed solid attached on the cable surface to simulate the rivulets effect.

Artificial rainfall wind tunnel tests for RWIV

To simulate the real rainfall process, to control the physical parameters during rainfall, i.e., rain intensity and the diameters of the rain droplets, and to reveal the rain factors influencing the whole process of RWIV, the rainfall instruments were incorporated in wind tunnel test, so called artificial rainfall wind tunnel tests for RWIV. The artificial rainfall wind tunnel tests parameters, including the size of wind tunnel, the size, materials, mass, damper, frequency, the wind inflow velocity, and the maximum displacement of the cable, are listed in Table 1.1 and the scheme for simulating the process of natural rain was employed either by sprinkling water from the showers near the top boundary [START_REF] Verwiebe | Recent research results concerning the exciting mechanisms of rain-wind-induced vibrations[END_REF] or form the top plastic tube injecting on the cable [5](Fig. 1.3). Fig. 1.3 The scheme for simulating the process of natural rain was employed either by sprinkling water from the showers near the top boundary (left-side) [START_REF] Verwiebe | Recent research results concerning the exciting mechanisms of rain-wind-induced vibrations[END_REF] or form the top plastic tube injecting on the cable (right-side) [5] in the wind tunnel experiments.

The roles of rain on the occurrence of the vibration were investigated by reproducing the rain condition in the wind tunnel tests through spraying water by Hikami [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF]. To investigate the details of RWIV through the cable's responses with rain and without rain conditions, the RWIV phenomena was validated by the wind tunnel tests. Furthermore, the influence of the cable frequency varying from 1 to 3 Hz was conducted to capture the details of RWIV, i.e., the relationship between wind speed and the cable's amplitude, the locations of the rivulets adhering to the cable surface, and try to clarify the possible mechanism of RWIV phenomena; the configuration of wind-rain-cable structure, the rivulets oscillating during the RWIV occurred.

A series of wind tunnel tests were conducted, and the fundamental aerodynamic characteristics of a yawed and inclined circular cylinder with and without rain were investigated [START_REF] Matsumoto | Aerodynamic behavior of inclined circular cylinders-cable aerodynamics[END_REF][START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF][START_REF] Matsumoto | Response characteristics of rain-wind induced vibration of stay-cables of cable-stayed bridges[END_REF][START_REF] Matsumoto | Rain-wind-induced vibration of inclined cables at limited high reduced wind velocity region[END_REF]]. An intense secondary axial flow and the formation of the upper rivulet affects significantly RWIV phenomena. The secondary axial flow resulted in an aerodynamic exciting force acting on the yawed/stay cable formed in the early wake, similar role a splitter plate submerged in the wake; the role of rain is considered as an amplifier of the essential unstable aerodynamic exciting force acting on the yawed/stay cable.

The fundamentally different exciting mechanisms of RWIV of cables or steel bars were explained through wind tunnel tests [START_REF] Verwiebe | Recent research results concerning the exciting mechanisms of rain-wind-induced vibrations[END_REF]. The frequency of model up to 8.9 Hz with the wind speed above 8 and up to 30 m/s, RWIV phenomena were observed in the cross-wind direction as well as in the wind direction, depending on the wind-rain-cable configuration, i.e., yaw and inclination angles of the cable and the wind speed. When the wind force acting in the wind direction, changing in the rhythm of the natural frequency was caused by a rhythmic shift of the separation lines due to the shift of the rivulets on the cable surface, the wind direction vibration occurred; the lateral force was changing due to the changeable section of the cable with one or two lateral rivulets and by the rhythmic shift of the separation lines, and the cross-wind direction vibration occurred. Furthermore, the cable surface and the permanently changing rivulets' shape locked-in each other with the same frequency. Additionally, RWIV phenomena were identical to a self-excited oscillation.

Full scale for a section of the stays of the Normandie Bridge were conducted in the wind tunnel [START_REF] Flamand | Rain-wind induced vibration of cables[END_REF] under several materials, shapes and surface coatings. RWIV phenomena were reproduced and identified with standard polyethylene cylindrical smooth casing at wind speed from 7 to 13 m/s. The prevalent role of the upper rivulet was verified. Additionally, dirt coating of the cable surface was sensitive to formation and evolution of the upper rivulet, compared with clean or greasy cable surface, consequently easier to excite the RWIV phenomena; a spiral disorganizing the movement of the upper rivulet every 0.3 m is efficient enough to stabilize the cable to decrease the vibration.

The stay cable with high-density polyethylene was conducted in the wind tunnel [START_REF] Cosentino | Rain-wind induced vibration of inclined stay cables. part i: Experimental investigation and physical explanation[END_REF]. The pressure distribution around the cable surface was firstly proposed, meanwhile, the thickness of water film was proposed to be captured by means of the resistance wire distributed around the cable surface.

RWIV phenomena were reproduced under conditions of spraying water onto the cable model to simulate the natural rain process [START_REF] Gu | Experimental investigation of rain-wind-induced vibration of cables in cable-stayed bridges and its mitigation[END_REF]. Parametric analysis, i.e., inclination angle, frequency, yaw angle, and damping of the cable, was performed. Additionally, the velocityand amplitude-restricted vibration, i.e., RWIV, was considered to occur based on the formation of the upper rivulets and its motion around the cable surface.

RWIV were systematically investigated through the measurement performed for the formation and behavior of water rivulets [5]. Flow was classified into five categories for different Reynolds number with varied stagnation line; the circumferential oscillation of water rivulets influenced on the fluid forces and near the wake of the cylinder more considerably and significantly than steady, without oscillating cases; and when the vortex-shedding frequency approached the natural frequency of the circumferentially oscillating rivulets, the rivulet-vortex-induced vibration caused RWIV phenomena. Initial attempts to capture the upper rivulet, used an ultrasonic transmission thickness measurement system(UTTMS)(Fig. 1.4)-capable of measuring time-dependent spatial dis-tribution of rainwater around the surface of an stay cable [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF]. The location, geometry, and oscillation data of rainwater rivulets were recorded and analyzed (Fig. 1.5). Additionally, quantitative investigation of the upper rivulet oscillation indicated that the oscillation frequency of the upper rivulet, obtained by wind tunnel experiment, approached to the natural frequency of the segment model, and the RWIV phenomena were reproduced. Fig. 1. 4 The ultrasonic transmission thickness measurement system(UTTMS)-capable of measuring time-dependent spatial distribution of rainwater around the surface of an stay cable [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF]. To capture the details of the rain roles in RWIV, i.e., the thickness, and the positions of the rainwater films etc., artificial rainfall in the wind tunnel experiments were conducted(Fig. 1.6), however, to obtain the aerodynamic force during RWIV, the artificial rivulets were incorporated in wind tunnel test, and the rain effect was considered as a solid adhering to the stay cables. Fig. 1.6 The artificial rivulets method to capture the details of the RWIV phenomena in the wind tunnel experiments [START_REF] Gu | Experimental and theoretical simulations on wind-rain-induced vibration of 3-d rigid stay cables[END_REF].

Artificial rivulet wind tunnel tests for RWIV

Flexural rivulet adhering to the cable surface combined with the cable were conducted at the wind speed around 10 m/s in the wind tunnel [START_REF] Yamaguchi | Analytical study on growth mechanism of rain vibration of cables[END_REF]. The frequency of oscillation of upper rivulet approached the natural frequency of the cable motion, and thus the RWIV phenomena were reproduced. Two possible reasons for RWIV were presented either by quasi-steady Den Hartog galloping theory or by rivulet oscillation along the circumference of the cable.

The rivulets were simulated by two bars placed at different locations on the cable surface in the wind tunnel tests [START_REF] Bosdogianni | Wind-and rain-induced oscillations of cables of stayed bridges[END_REF]. Changing the shape and the position of the two bars were employed to reproduce RWIV phenomena. RWIV phenomena were caused by the presence of the two bars; RWIV corresponded to galloping and were independent of bar shapes and dimensions, within the limits of the tested configurations.

To explore the mechanism of RWIV and its mitigation, a section model was adopted in the wind tunnel experiments [START_REF] Zhan | Experimental study of wind-raininduced cable vibration using a new model setup scheme[END_REF]. Artificial rivulets were used to reproduce and validate the RWIV phenomena. The important parameters, i.e., yaw angle, inclination angle, rainfall were performed and analyzed. The velocity-restricted and amplitude-restricted RWIV phenomena were observed, with the amplitude more than 180 mm, in addition, the rainfall intensity, cable damping ratio, inclination angle, and yaw angle of the cable affected significantly RWIV phenomena, and the control schemes were also presented.

A 3-D sectional cable model was employed to investigate RWIV phenomena [START_REF] Gu | Theoretical and experimental studies on the aerodynamic instability of a two-dimensional circular cylinder with a moving attachment[END_REF][START_REF] Gu | Experimental and theoretical simulations on wind-rain-induced vibration of 3-d rigid stay cables[END_REF]. The pressure and aerodynamic force acting on the cable model and the upper artificial rivulet were obtained from the wind tunnel tests. Through the variation of the yawed angle and inclination angle factors, violent variations of the wind forces acting on the cable model could be the key aerodynamic factors of RWIV phenomena.

Theoretical analysis

Three ways were divided to investigate the mechanism of RWIV phenomena from the analytical model aspect. The multi-degree-of-freedom method, which were coupled the equations of stay cables model and rivulets dynamic model based on the aerodynamic force and pressure distribution around the stay cable obtained from the wind tunnel experiments, was employed to clarify the characteristics of the rivulets dynamic and the cable motions; the single-degree-of-freedom method, which simplified the rivulets motion as a series of simple harmonic oscillation mixed to be substituted to the cable dynamic equations, was used to capture the characteristics of the cable motion during RWIV phenomena; the zero-degreeof-freedom method, which ignored the rivulets motion effects, just considering the rivulets affecting the flow structure when the wind flowed past the stay cable, was adopted to clarify the mechanism of the RWIV phenomena.

Multi-degree-of-freedom analytical model for RWIV

A two-degree-of-freedom galloping model, which considered the upper rivulet oscillating in the circumference around the cable surface coupled with the rotation and cross-wind section equations, was adopted as an analytical model to investigate the mechanism of RWIV phenomena [START_REF] Yamaguchi | Analytical study on growth mechanism of rain vibration of cables[END_REF] based on quasi-steady analysis. The aerodynamic damping coefficient of the cable became negative when the frequency of the upper rivulet approached to the natural frequency of the cable, and Den Hartog's theory was not useful for explanation of RWIV mechanism.

The aerodynamic force coefficient obtained from wind tunnel experiments was incorporated in the analytical model to analyze the mechanism of RWIV [START_REF] Geurts | Estimation of the effects of rain-wind induced vibration in the design stage of inclined stay cables[END_REF].

Considering the phenomena of RWIV in the downwind direction vibrations, the downwind direction vibration of the cable was added in the cable dynamic model to investigate the mechanism of RWIV [START_REF] Peil | Rain-wind induced vibrations of cables in laminar and turbulent flow[END_REF]. The three-degree-of-freedom model for the cable motion was employed, and the amplitudes of the cable displacement both in-plane and out-plane were large, furthermore, the amplitude of vibration along the downwind direction larger than the cross-wind direction vibration disagreed with most wind tunnel experiments, however, the analytical results agreed relatively with the Dongting Lake Bridge observation data [START_REF] Ni | Field observations of rain-wind-induced cable vibration in cable-stayed dongting lake bridge[END_REF].

To consider of the phenomenology of the Prandtl tripwire and the movable features of rivulets, six equations system, including two-dimensions for cables and rivulets(the upper rivulet and the lower rivulet), was employed [START_REF] Seidel | Rain-wind induced vibrations-phenomenology, mechanical modelling and numerical analysis[END_REF]. The lower limit of the critical velocity range was determined by the mechanical model for various inclination and incidence angles of the cable; the approximation of the upper limit velocity range was derived from the established fluid mechanical correlations. Additionally, the amplitude of RWIV influenced by the square of the incidence wind velocity and the rivulets.

The typical three-dimensional rigid cable model coupled with the dynamic rivulet model was established [START_REF] Gu | Experimental and theoretical simulations on wind-rain-induced vibration of 3-d rigid stay cables[END_REF], and a new description of the friction force between the water rivulet and the cable, which considered as to be composed of the Coulomb damping and linear damping force, was employed in this analytical model. The results obtained from the analytical model agreed with the experiments to estimate the vibration responses and the onset wind speed of cable.

Single-degree-of-freedom analytical model for RWIV

Assuming the motion of the ridge modeled the dynamics of the rivulets on the cable and small amplitude oscillation of the cable and the lift and drag forces varied due to the ridge adhering to the cable surface, the quasi-steady analysis to obtain the aerodynamic force was employed to obtain the non-linear second-order equations [START_REF] Van Der Burgh | Rain-wind-induced vibrations of a simple oscillator[END_REF]. The averaged system may have a periodic obit corresponding to modulated oscillations of the original equation due to three excitation mechanisms: self-excitation, parametric excitation and ordinary forcing. Furthermore, the presence of droplets was added in the model [144], the influence of the variation of the mass of the oscillator due to an incoming flow of droplets hitting the oscillator and a mass flow, which is blown and shaken off was investigated. The regular adding and removing of a marginal quantity of raindrops attached to a mass-spring system, defined as Hamiltonian system, may lead to an unstable equilibrium; the time-varying positions of the rainwater ridge led to the time varying aerodynamic force acting on the cable as an instability mechanism.

Based on the observations both from field measurements and wind tunnel experiments, the motion of upper rivulet was assumed harmonic with the same frequency of the cable natural frequency, as long as the steady-state vibration concerned. Considering the effect of the mean wind speed on the position of upper rivulet and the influence of moving upper rivulet adhering to the cable surface during RWIV, an analytical model was developed to describe steady-state RWIV phenomena [START_REF] Xu | Analytical study of wind-rain-induced cable vibration: Sdof model[END_REF][START_REF] Wang | Wind-rain-induced vibration of cable: an analytical model (1)[END_REF]. Although the axial flow effect and turbulence effect were ignored, this model could capture the RWIV as the velocity-restricted and amplitude-restricted vibration due to alternating aerodynamic damping ratio or alternat-ing excitation force because of the interaction between rivulet motion, cable motion, and wind.

Further, the derived SDOF models assumed the circumferential oscillation of the upper rivulet with the same frequency of the cable and constant rivulet-cable amplitude ratio for given wind speed [START_REF] Wilde | Simple model of rain-wind-induced vibrations of stayed cables[END_REF]. The proposed models described the phenomenon by simple formula that can be easily adopted for estimation of the maximum amplitudes of cable oscillations induced by simultaneous action of wind and rain.

According to the quasi-steady assumption, the governing equation of vertical motion of the cable was derived and the criterion for unstable motion and occurrence mechanism were studied [START_REF] Xie | Calculation model and mechanism analysis for rain-wind-induced vibration of stay cable[END_REF]. The results indicated that the analysis model can reflect the main characteristics of RWIV of cable which was amplitude and velocity-restricted, and it was probably related with the periodic vortex shedding of wake flow. The essential for the occurrence of RWIV of cable was that the derivative of lift coefficient with respect to transient angle of attack is less than zero.

Zero-degree-of-freedom analytical model for RWIV

The zero-degree-of-freedom method to investigate the mechanism of RWIV was given, and in this way the dynamic effects of the rivulet were ignored. The aerodynamic coefficients of a cable were measured using a spatial cable model with a three-dimensional flow and an analytical model was developed to predict rain-wind induced cable vibration [START_REF] Li | Analysis of rainwind induced cable vibration using spatially measured aerodynamic coefficients[END_REF]. The results from the parametric study indicated that the aerodynamic and motion parameters of cables may affect the maximum amplitude and the wind speed range for the occurrence of rain-wind induced vibration. The observations obtained by the analytical model showed that the presented model can reflect the main features of rain-wind-induced vibration.

Numerical simulation

With the development of computer hardware and Computational Fluid Dynamics (CFD) method, the applications of the technique of numerical simulation in civil engineering became more and more wide. Numerical simulation is a convenient and cost-effective method to investigate the mechanism of aerodynamic characteristics and rainwater morphology distribution around the cylindrical surface. Three methods have been proposed to investigate these phenomena.

Separated model(SM) for RWIV

The aerodynamic characteristics of an inclined cylinder may be derived, considering a convex hump fixed on the cylinder surface near the separated point as the effects of the rainwater morphology distribution around the cylinder surface [START_REF] Li | Numerical simulations of flow around stay cables with and without fixed artificial rivulets[END_REF][START_REF] Li | A numerical and experimental hybrid approach for the investigation of aerodynamic forces on stay cables suffering from rain-wind induced vibration[END_REF][START_REF] Xie | Numerical investigation on effects of rivulet and cable oscillation of a stayed cable in rain-wind-induced vibration[END_REF];

A technical application was investigated by using commercial CFD tools with a LES approach [START_REF] Rocchi | Vortex shedding from a circular cylinder in a smooth and wired configuration: comparison between 3d les simulation and experimental analysis[END_REF]. 2D simulations had highlighted the great importance of a fine mesh resolution in the circumferential direction to obtain the exact vortex shedding frequency. The phenomenon was well reproduced by 3D simulations that show the disorganization effects due to the device presence. The lift dynamic amplitudes reduction and the percentage increase of the drag due to the wired configuration were close to the experimental ones. The LES approach had shown its potentiality in the numerical simulation of a technical application; the detailed description of the motion fluid field given by these simulations provided the opportunity of a better understanding of the fluid dynamics mechanism allowing to reduce vortex shedding excitation.

CFD method was adopted to simulate the flow around 2D and 3D circular cylinders with and without fixed artificial rivulets. The streamlines, mean pressure coefficients and aerodynamic force coefficients on the cylinders and the rivulets were obtained. The results showed that the vortexes shed from the 3D circular cylinders irregularly, which was different from the 2D circular cylinders. The rivulet may affect the separation of the approaching flow, and may result in a sudden decrease of the mean lift coefficient [START_REF] Li | Numerical simulations of flow around stay cables with and without fixed artificial rivulets[END_REF].

The oscillation of the cable was treated as a previously known moving boundary condition and applied to the flow field [START_REF] Li | A numerical and experimental hybrid approach for the investigation of aerodynamic forces on stay cables suffering from rain-wind induced vibration[END_REF]. Only the flow field with the known moving cable boundary was then numerically simulated by using a CFD method(Fluent 6.3). The transient aerodynamic forces of the stay cable with a predetermined cable oscillation were obtained from numerical calculations. Over the wind speed range of the RWIV, a more accurate aerodynamic force can be obtained, and it had a dominant frequency (i.e., natural frequency of the cable) and a large amplitude. Below this wind speed range, the aerodynamic force has a primary frequency but a small amplitude, and above this wind speed range, the aerodynamic force has a large amplitude but no dominant frequency. Furthermore, the feasibility, reliability, accuracy and computational efficiency of the hybrid approach are validated through comparison with CFSI for investigation on VIV of a circular cylinder and with the wind tunnel test for investigation on RWIV of a stay cable.

A numerical investigation on the effects of the upper rivulet on the aerodynamic forces of the cable and the interaction between the fluid flow and the cable oscillation was carried out where the cable with the upper-rivulet was modeled by a circular cylinder with an arch attachment. The large-eddy simulation (LES) method with Smagorinsky-Lilly modeling was employed to simulate the 3-D turbulent flow field, and a moving mesh method was introduced to deal with the oscillation of the cylinder. The aerodynamic forces on the cylinder and the flow patterns around the cylinder were analyzed for both steady and oscillation status of the cylinder with the rivulet attachment in different position angle ranged from 0 • to 60 • . The results showed that the aerodynamic forces on the cylinder changed largely with the position angle of the rivulet attachment and existed a rivulet position angle where the aerodynamic force on the cable and flow pattern around the cable both changed dramatically. This critical position angle was found to be 45 • for the cases studied.

However, this does not consider rainwater morphology evolution or the dynamic effects of the rainwater convex hump. A semi-coupled method has been studied [START_REF] Lemaitre | Rainwater rivulets on a cable subject to wind[END_REF][START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF][START_REF] Robertson | Numerical simulation of rivulet evolution on a horizontal cable subject to an external aerodynamic field[END_REF][START_REF] Taylor | New developments in rain-wind-induced vibrations of cables[END_REF][START_REF] Taylor | Numerical simulation of the airflow-rivulet interaction associated with the rain-wind induced vibration phenomenon[END_REF][START_REF] Taylor | Numerical investigation of the coupled interaction between an unsteady aerodynamic flow field and a water film coating on a circular cylinder[END_REF] that divides the time averaged multiphase Navier-Stokes equations into two parts: background Navier-Stokes, similar to the single phase impressible Navier-Stokes system; and multiphase interface tracking, obtained by simplified time averaged multiphase Navier-Stokes equations based on lubrication theory in combination with the linear height function of the interface tracking method. The background Navier-Stokes equations provide the aerodynamic force coefficient, including the pressure and friction coefficient distribution around the inclined cylinder, as inputs to the multiphase interface tracking equations. The multiphase interface tracking equations provide the source term required in the background Navier-Stokes equations. The inhomogeneity of the rainwater morphology distribution and evolution around the inclined cylinder can be tracked. However, turbulence and accurate rainwater morphology distribution around the cylinder are difficult to address.

Semi-coupled model(SCM) for RWIV

A standard lubrication model [START_REF] Reisfeld | Non-isothermal flow of a liquid film on a horizontal cylinder[END_REF] was employed to analyze the dynamics of a water film on a cylinder under the effect of gravity and wind load [START_REF] Lemaitre | Rainwater rivulets on a cable subject to wind[END_REF][START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF]. A simple criterion was then proposed for the appearance and position of rivulets, where the Froude number was the control parameter. Experiments with several geometries of cylinder covered with water in a wind tunnel showed the evolution of the rivulets with the Froude number. Comparison of the prediction by the model with these experimental data showed that the main mechanism of rivulet formation and positioning was captured; the conditions were addressed for the rivulets to form; the evolution of a thin film submitted to gravity, surface tension, wind and motion of the cylinder was captured. Numerical simulations showed the appearance of the rivulets that are reputedly responsible for the instability.

A numerical method was developed to undertake simulations of certain aspects of RWIV, in particular, rivulet formation and evolution, and specifically a two-dimensional model for the evolution of a thin film of water on the outer surface of a horizontal circular cylinder sub-ject to the pressure and shear forces that resulted from the external flow field was presented [START_REF] Robertson | Numerical simulation of rivulet evolution on a horizontal cable subject to an external aerodynamic field[END_REF]. The distribution and magnitude of aerodynamic loading and the Reynolds number influence on the rivulet temporal evolution were undertaken, the results of which indicated that while all three affected the temporal evolution, the distribution of the loading had the greatest effect. Under all loading conditions, two rivulets were observed to form, these were asymmetric about the horizontal axis of incident wind and of different heights, due to the effect of gravity. Artificial rivulets on the cylinder modified the aerodynamic force coefficients (which vary with rivulet angle), and particular rivulet configurations can cause a susceptibility to a galloping type instability; results obtained from the thin-film model were consistent with those in the literature. Under shear or pressure loading two symmetric rivulets form just windward of the separation points, while under full loading conditions the rivulets were asymmetric due to the additional effect of gravity; preliminary results from a fully coupled model demonstrate how the changing flow field influenced the rivulet motion and growth [START_REF] Taylor | New developments in rain-wind-induced vibrations of cables[END_REF]. Furthermore, three combinations of loading were investigated, to examine the independent effects of shear and pressure, before combining these along with gravitational loading to ascertain the effects of the full physical loading on the rivulet dynamics [START_REF] Taylor | Numerical simulation of the airflow-rivulet interaction associated with the rain-wind induced vibration phenomenon[END_REF]; and the periodic nature of this rivulet was consistent with key mechanisms for RWIV previously identified, and varying the initial thickness of the water film modified the growth rate of the lower rivulet [START_REF] Taylor | Numerical investigation of the coupled interaction between an unsteady aerodynamic flow field and a water film coating on a circular cylinder[END_REF].

2D coupled equations of water film evolution and cable vibration were presented [START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF] for the first time based on the combination of lubrication theory and vibration theory of singlemode system. In accordance with the experimental results, the numerical results showed that RWIV only occurred in special wind speed and the period of water film evolution was close to cable natural period, which made cable vibrate with large amplitude. Under too low wind speed, the inconspicuous variation of water film morphology lead to small amplitude of lift and cable vibrating like free vibration. And when wind speed was too large, cable also vibrated with small amplitude as the water film morphology and lift changed with little periodicity. These confirmed the conclusion that the resonance between rivulets and cable may be one of the main reasons for RWIV.

Coupled model(CM) for RWIV

The volume of fluid (VOF) method has also been adopted for tracking the multiphase interface in a coupled method [START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF][START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF]. Considering an artificial rainwater film around the surface of the cylinder, and assuming the total volume of rainwater remains constant through the artificial boundary conditions, rainwater morphology evolution can be tracked.

A numerical simulation approach of the formation process of rivulets around stay cable was presented by combining gas-liquid two-phase theory and volume of fluid method (VOF method) for the first time [START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF]. The effect of gravity and air flow on morphology of rivulets was analyzed by numerical simulation using CFX software. The veracity and rationality of this approach was verified and validated by comparing with existing experimental data. Under combination of gravity and airflow, the location of upper rivulet moved downwards and the location of lower rivulet changed little while the lower rivulet height increased rapidly by gravity, which was accordant with experimental results.

A new numerical method for simulating the evolution of rivulets on stay cable surfaces based on a combination of the gas-liquid two-phase theory and the volume of fluid method (VOF method), which allows for the straightforward determination of the cables' aerodynamic lift when RWIV occurs, were adopted [START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF]. In accordance with the experimental results, the numerical results demonstrated that an upper rivulet with a periodic oscillation was formed at a specific wind speed, causing the aerodynamic lift to change with a similar periodicity. The aerodynamic lift's frequency was approximately the cable's natural frequency, and induced large vibrations in the cable. The observations confirmed the conclusion that periodic variations in the water film morphology could lead to periodic changes in the aerodynamic lift that would induce RWIV.

Literature review: multiphase interface tracking algorithm

To capture the high precision multiphase interface, the principle of computational multiphase flow are summarized in the following contents. When the governing equations are solved on the fixed grid, using one set of equations for the whole flow field, the different fluids must be identified in some way. To identify whether a given fluid i is present at a particular location x, a Heaviside function H is employed, defined by,

H i (x) =    1 if x is in fluid i; 0 if x is not in fluid i. (1.1)
For a two-fluid system, i = 1, 2 and

H 2 = 1 -H 1 , so it is sufficient to solve H = H 1 .
As the interface moves, the interface keeps conservation, i.e., the substantial derivative of H is zero, or

DH Dt = ∂ H ∂t + u u u • ∇H = 0. (1.2)
Updating H accurately is both critical for the success of simulations of multiphase flow and also surprisingly difficult. The color function C is defined as the average of H in each computational cell, e.g., for a rectangular two-dimensional cell

C i, j = 1 ∆x∆y ZZ V H(x, y)dxdy. (1.3)
if the cell is full, C is equal 1; if the cell is empty, C is equal to 0; and when the C is satisfied 0 < C < 1, there is an interface in the cell. Main six methods have been proposed to solve the Eq. 1.3, advecting the color function directly, volume-of-fluid (VOF) method, fronting-tracking method, the level-set method, phase-field methods, and the CIP method.

Advecting the color function

Advecting the color function directly, is based on the Eq. 1.3 discretization in the temporal and spatial domain as,

C n+1 i, j = C n i, j - Z t+∆t t ZZ V (u u u • ∇C) dxdy = C n i, j - Z t+∆t t I S (u u uC) dS S S. (1.4) 
if the H function approximate using C i, j in each cell, the flux terms are obtained in the cell boundary based on the C i, j , and it would lead to the smearing solution. However, to avoid this smearing, a correction scheme for flux term is carried out, e.g., in one dimension as,

C n+1 i = (1 -λ )C n i + λC n i-1 - ∆x 2 (1 -λ ) λ (s i -s i-1 ) . (1.5) 
where λ = U ∆t/∆x. The left and right slopes, denoted by s - i and s + i , for the cell i are given as,

s + i = C n i+1 -C n i ∆x ; s - i = C n i -C n i-1 ∆x . (1.6)
and the weight average for the cell i is,

s i = 1 -κ 2 s - i + 1 + κ 2 s + i . (1.7)
where κ is an arbitrary constant, e.g., κ = 1 yields to the Lax-Wendroff scheme. However, comparing with shocking-capturing method, there is no inherent machoism that sharpens a smoothed interface and the flow can not be distinguished between an sharp interface and a smoother interface, and it leads to numerical diffusion in first-order scheme to advect this interface in multiphase system in incompressible fluid, and numerical oscillations in high-order scheme to advect the interface. And the flux-corrected transport (FCT) method [START_REF] Zalesak | Fully multidimensional flux-corrected transport algorithms for fluids[END_REF][START_REF] Boris | Flux-corrected transport[END_REF][START_REF] Boris | Flux-corrected transport. i. shasta, a fluid transport algorithm that works[END_REF][START_REF] Book | Flux-corrected transport ii: Generalizations of the method[END_REF][START_REF] Boris | Flux-corrected transport. iii. minimal-error fct algorithms[END_REF] is employed.

While high-order monotonicity-preserving methods have been a great success for computations of flows with shocks and multiphase interface, the advection term of marker function, i.e., Eq. 1.5, is essentially trivial, especially n higher dimensions. Simple line interface calculation [START_REF] Noh | Slic (simple line interface calculation)[END_REF] is employed to simplify the calculation for the advection term based on the simple line interface reconstruction. Once the location of the interface has been determined, the time integration of the fluxes is done by,

Z t+∆t t F i+1/2 dt =    0, ∆t ≤ (C i -1) ∆x/U ; (C i -1) ∆x +U ∆t, ∆t > (C i -1) ∆x/U. (1.8) 
A slightly different method is proposed [START_REF] Hirt | Volume of fluid (vof) method for the dynamics of free boundaries[END_REF][START_REF] Nichols | Sola-vof: A solution algorithm for transient fluid flow with multiple free boundaries[END_REF][START_REF] Nichols | A fractional volume of fluid method for free boundary dynamics[END_REF][START_REF] Wilson | Sola-dm: A numerical solution algorithm for transient three-dimensional flows[END_REF], where the interface is still approximated by straight lines in either horizontal or vertical types. This method improves the behavior of the advection scheme due to the interface reconstruction in each cell, however, loses accuracy by Rudman [116]. Both methods, approximated interface by straight lines, generally generate considerable amount of "flotsam" and "jetsam", where pieces of the interface break away in an unphysical way. To avoid this phenomena, piecewise linear interface reconstruction (PLIC) is employed [START_REF] Youngs | Time-dependent multi-material flow with large fluid distortion[END_REF].

Front tracking method

Front tracking method [START_REF] Daly | Numerical study of the effect of surface tension on interface instability[END_REF][START_REF] Ritchmyer | Difference methods for initial-value problems[END_REF][START_REF] Glimm | A computational model for interfaces[END_REF][START_REF] Glimm | A numerical method for two phase flow with an unstable interface[END_REF][START_REF] Glimm | Front tracking for hyperbolic systems[END_REF][START_REF] Chern | Front tracking for gas dynamics[END_REF][START_REF] Glimm | Three-dimensional front tracking[END_REF] is represented by connected marker particles, which are advected by the fluid velocity, interpolated from the fixed grid. The way in which the front interacts with the underlying fixed grid is what distinguishes between the various front-tracking methods. Several issues must be decided, including how information is transmitted between the front and the grid and how the update of variables next to the front is accomplished. To avoid smoothing the interface, but still use a fixed grid fro the solution of the conservation equations, it is necessary to modify the numerical approximations near the front [START_REF] Fedkiw | A non-oscillatory eulerian approach to interfaces in multimaterial flows (the ghost fluid method)[END_REF][START_REF] Glimm | A critical analysis of rayleigh-taylor growth rates[END_REF][START_REF] Lee | An immersed interface method for incompressible navier-stokes equations[END_REF]. Another approach to keep the interface sharp is the modification of the fixed grid near the front in such a way that the grid lines coincide with the interface [START_REF] Udaykumar | Computation of solid-liquid phase fronts in the sharp interface limit on fixed grids[END_REF][START_REF] Udaykumar | A sharp interface cartesian grid method for simulating flows with complex moving boundaries[END_REF][START_REF] Marella | Sharp interface cartesian grid method i: an easily implemented technique for 3d moving boundary computations[END_REF][START_REF] Liu | Sharp interface cartesian grid method ii: a technique for simulating droplet interactions with surfaces of arbitrary shape[END_REF]. One of the main advantage of the front tracking method is that changes in topology, where fluid regions merge or break up, are not handled automatically, as in methods where the marker function is advected directly.

Level set method

Unlike the C function in VOF method, the level set method is identified by a smooth marker function F(x,t), which is positive in one fluid and negative in the other, and advected using standard method for hyperbolic equation. High order schemes, i.e., ENO, WENO methods, are employed [START_REF] Osher | High-order essentially nonoscillatory schemes for hamilton-jacobi equations[END_REF] in the level set function,

∂ F ∂t + u u u • ∇F = 0. (1.9)
F must have the same shape near the interface, while the thickness of the transition zone to remain approximately constant. Where the interface is stretched, the gradient of F becomes steeper, and where the interface is compressed the gradient becomes smaller. To deal this problem, Reinitialization procedure modified F is employed [START_REF] Sussman | A level set approach for computing solutions to incompressible two-phase flow[END_REF] by solving,

∂ F ∂ τ + sgn(F 0 ) (|∇F| -1) = 0. (1.10)
The level set method, at least in its original embodiment, has the appeal of simplicity. For a fluid mechanics problem one has only has to solve one additional partial differential equation and there are essentially no additional complex steps, such as the reconstruction of an interface in VOF method or the addition of new computational objects such as when front tracking method is used. The level set method made them comparable than other methods in terms of complexity and performance, however, the mass conservation problem is a still barrier [START_REF] Fedkiw | A non-oscillatory eulerian approach to interfaces in multimaterial flows (the ghost fluid method)[END_REF][START_REF] Fedkiw | Level set methods and dynamic implicit surfaces[END_REF][START_REF] Sussman | A coupled level set and volume-of-fluid method for computing 3d and axisymmetric incompressible two-phase flows[END_REF][START_REF] Sussman | An improved level set method for incompressible two-phase flows[END_REF][START_REF] Osher | Level set methods[END_REF][START_REF] Ménard | Coupling level set/vof/ghost fluid methods: Validation and application to 3d simulation of the primary break-up of a liquid jet[END_REF][START_REF] Sethian | Evolution, implementation, and application of level set and fast marching methods for advancing fronts[END_REF][START_REF] Sethian | Level set methods for fluid interfaces[END_REF][START_REF] Sun | A coupled volume-of-fluid and level set (voset) method for computing incompressible two-phase flows[END_REF].

Phase field method

Phase-field method, is used to capture the interface by introducing free-energy function and selecting the function in a proper way -including the appropriate values fro the various adjustable coefficient -it is possible to ensure that the thickness of the interface remains of the same order as the grid space [START_REF] Jacqmin | Calculation of two-phase navier-stokes flows using phase-field modeling[END_REF][START_REF] Steinbach | A phase field concept for multiphase systems[END_REF] as,

ρ 0 Du u u Dt = -∇S + µ∇ 2 u u u -c∇φ + g g gρ(c). (1.11)
For the fluid velocity and update the phase-field variable by,

Dc Dt = κ∇ 2 φ . (1.12)
where, κ is a diffusion coefficient and the potential φ is derived from the free energy of the fluid. Phase-field method is used for multiphase interface tracking [START_REF] Yue | A diffuse-interface method for simulating two-phase flows of complex fluids[END_REF][START_REF] Ding | Diffuse interface model for incompressible two-phase flows with large density ratios[END_REF][START_REF] Sun | Diffuse interface modeling of two-phase flows based on averaging: mass and momentum equations[END_REF][START_REF] Kim | A continuous surface tension force formulation for diffuse-interface models[END_REF], however, it is important to note that the methods are derived based on fundamentally different assumptions and that the phase-field method can, at least in principle, be used to study small-scale phenomena, such as contact-line motion, for which tracking methods that start from the sharp interface hypothesis are unsuitable.

CIP method

The CIP method is designed to reduce dispersive error in the advection of a function f by filtering a cubic polynomial to the nodal values of f and its derivatives [START_REF] Takewaki | Cubic interpolated pseudoparticle method (cip) for solving hyperbolic-type equations[END_REF][START_REF] Takewaki | The cubic-interpolated pseudo particle (cip) method: application to nonlinear and multi-dimensional hyperbolic equations[END_REF][START_REF] Nakamura | Cubic interpolated propagation scheme for solving the hyper-dimensional vlasov-poisson equation in phase space[END_REF][START_REF] Yabe | The constrained interpolation profile method for multiphase analysis[END_REF]. The CIP method can preserve the discontinuity of the interface, small oscillations still appear.

Volume of fluid method

Interface representation, interface evolution with the time, and the boundary condition imposed on the interface are key issues in numerical simulation of multiphase fluid flow or free-surface flow. No physical inherent mechanism that sharpens a smooth interface exists and the flow can not be distinguished by multiphase interface for free-surface flow [START_REF] Tryggvason | A front-tracking method for the computations of multiphase flow[END_REF]. Hence, interface reconstruction is essential to numerical methods for free-surface tracking. Numerical methods have mushroomed, such as advecting the color function directly [START_REF] Zalesak | Fully multidimensional flux-corrected transport algorithms for fluids[END_REF][START_REF] Boris | Flux-corrected transport[END_REF], volume-of-fluid (VOF) method [START_REF] Hirt | Volume of fluid (vof) method for the dynamics of free boundaries[END_REF], fronting-tracking method [START_REF] Fedkiw | A non-oscillatory eulerian approach to interfaces in multimaterial flows (the ghost fluid method)[END_REF][START_REF] Glimm | A critical analysis of rayleigh-taylor growth rates[END_REF][START_REF] Lee | An immersed interface method for incompressible navier-stokes equations[END_REF], level-set method [START_REF] Fedkiw | A non-oscillatory eulerian approach to interfaces in multimaterial flows (the ghost fluid method)[END_REF][START_REF] Sussman | A coupled level set and volume-of-fluid method for computing 3d and axisymmetric incompressible two-phase flows[END_REF][START_REF] Osher | Level set methods[END_REF][START_REF] Ménard | Coupling level set/vof/ghost fluid methods: Validation and application to 3d simulation of the primary break-up of a liquid jet[END_REF][START_REF] Sun | A coupled volume-of-fluid and level set (voset) method for computing incompressible two-phase flows[END_REF], phase-field methods [START_REF] Jacqmin | Calculation of two-phase navier-stokes flows using phase-field modeling[END_REF][START_REF] Steinbach | A phase field concept for multiphase systems[END_REF], and CIP method [START_REF] Takewaki | Cubic interpolated pseudoparticle method (cip) for solving hyperbolic-type equations[END_REF][START_REF] Takewaki | The cubic-interpolated pseudo particle (cip) method: application to nonlinear and multi-dimensional hyperbolic equations[END_REF][START_REF] Nakamura | Cubic interpolated propagation scheme for solving the hyper-dimensional vlasov-poisson equation in phase space[END_REF][START_REF] Yabe | The constrained interpolation profile method for multiphase analysis[END_REF]. Among these methods, VOF method has become undoubtedly a fullyfledged and successful technique to track the multiphase interfaces in numerical free-surface flow. Interface reconstruction of traditional VOF methods were divided into two ways: simple line interface calculation(SLIC) [START_REF] Noh | Slic (simple line interface calculation)[END_REF][START_REF] Hirt | Volume of fluid (vof) method for the dynamics of free boundaries[END_REF][START_REF] Nichols | Sola-vof: A solution algorithm for transient fluid flow with multiple free boundaries[END_REF][START_REF] Nichols | A fractional volume of fluid method for free boundary dynamics[END_REF][START_REF] Wilson | Sola-dm: A numerical solution algorithm for transient three-dimensional flows[END_REF][START_REF] Lafaurie | Modelling merging and fragmentation in multiphase flows with surfer[END_REF] and piecewise linear interface reconstruction (PLIC) was introduced [START_REF] Debar | Fundamentals of the kraken code[END_REF][START_REF] Youngs | Time-dependent multi-material flow with large fluid distortion[END_REF]. Line-segments were adopted in each mixed cell for both SLIC and PLIC. In SLIC, a line segment parallel to one of the grid coordinate axis, generally generated significant amount of "flotsam" and "jetsam", where pieces of the reconstructed interface broke away in an unphysical way due to lack of connectivity on the mixed cell boundaries of the reconstructed interface; PLIC calculated the intercept for each line segment in mixed cells based on the volume fraction conservation, and approximated the normal of interface either by the volume fraction gradient, i.e., Youngs' finite-difference method [START_REF] Ashgriz | Flair: Flux line-segment model for advection and interface reconstruction[END_REF][START_REF] Gueyffier | Volumeof-fluid interface tracking with smoothed surface stress methods for three-dimensional flows[END_REF][START_REF] Weymouth | Conservative volume-of-fluid method for free-surface simulations on cartesian-grids[END_REF], or by some other minimizing criteria, i.e., ELVIRA's criteria based on the volume fraction error between accurate and approximated interfaces [START_REF] Puckett | A high-order projection method for tracking fluid interfaces in variable density incompressible flows[END_REF][START_REF] Pilliod | Second-order accurate volume-of-fluid algorithms for tracking material interfaces[END_REF] and LSF(least-squares fit) method's criteria based on the given function [START_REF] Scardovelli | Interface reconstruction with least-square fit and split eulerian-lagrangian advection[END_REF][START_REF] Aulisa | Interface reconstruction with least-squares fit and split advection in three-dimensional cartesian geometry[END_REF]. The interface reconstruction of traditional VOF methods for interface reconstruction (Fig. 1.7, the accurate interface and the volume fraction in each cell is given in Fig. 1.7(a)) are categorized into two general ways: each mixed cell, considered as a line segment parallel to one of the grid coordinate axis, generally generated significant amount of "flotsam" and "jetsam" in SLIC (Fig. 1.7(b)); to evaluate the normal of the interface based on a volume fraction stencil in PLIC (usually 9 mixed cells for 2D and 27 mixed cells for 3D as shown in Fig. 1.7(c)), and to obtain the intercept for each line segment in the mixed cells based on the volume fraction conservation in the corresponding mixed cells. The normal vector of the reconstructed interface is approximated either by the volume fraction gradient or by some other minimizing criteria in the mixed cell stencil. However, neither VOF-SLIC reconstruction nor VOF-PLIC reconstruction is continuous across the cell boundaries but satisfied the area conservation constraint in each mixed cell. Moreover, the inconsistence phenomena, which the volume fraction in mixed cell obtained by reconstructed interface is not consistent with the original volume fraction used to reconstructed the interface in the corresponding mixed cell, is observed. Volume fraction error in the mixed cells is mainly concerned in these methods to preserve mass conversation during interface reconstruction and evolution, however, due to the approximation of the normal of reconstructed interface, the interface description (the normal and intercept of reconstructed interface) has a slight difference between the accurate inter-face and reconstructed interface in these methods, especially in the areas lack of volume fraction informations to reconstruct the interface. Furthermore, due to the deflection of the interface description, the volume fraction, obtained by the integral of the reconstructed interface, is inconsistent with the original volume fraction in the same mixed cell, which is used for the normal approximation of reconstructed interface. Moreover, interfaces constructed by traditional VOF methods usually lose connectivity on the adjacent mixed cell boundaries, depending on the specified parameters and initial conditions. Lack of connectivity on the cell boundaries causes a slight deflection for evaluating the volume fraction flux [START_REF] Gueyffier | Volumeof-fluid interface tracking with smoothed surface stress methods for three-dimensional flows[END_REF][START_REF] Rider | Reconstructing volume tracking[END_REF].

Research contents

To achieve the numerical simulation for rain-wind-induced vibration, the thesis contains a series of research topics, divided into six chapters and organized as follows, Chapter 1 gives a brief introduction of research motivations, the development of cablestayed bridge, the various types of the stay cable vibration problem (including vortex induced vibration, wake galloping, parametric excitation vibration, and rain wind induced vibration), a review on research activities related to RWIV (including field measurement, wind tunnel experiments, analytical model, and numerical investigations), and the layout of the thesis.

Chapter 2 performs the separated method on the rain wind induced vibrations to investigate the phenomena of rain wind induced vibration(RWIV) based on the assumptions that the rivulets regarded as a fixed solid surface attached on the cable, which is corresponding to the artificial rivulets wind tunnel tests. Incompressible Navier-Stokes equations are employed, and MILES model is also incorporated to simulate the subgrid-scale modeling effect. Investigations on the position of artificial rivulet effects on the vortex shedding structure, pressure distribution around the cylinder surface, and the lift force dominant frequency are conducted. The dominant frequency shifting from the convectional Von Karman vortex shedding frequency to the conventional Von Karman vortex shedding frequency has no relationship with the positions of artificial rivulets at static. Chapter 3 presents the semi-coupled and coupled methods on the rain wind induced vibrations. The semi-coupled method can capture the rainwater evolution along the circumference of cylinder surface. Furthermore, during this process, the rainwater gathering and forming two symmetry rivulets attached on the circumference of cylinder near the separation points is observed. However, the rainwater rivulets are formed just considering the effects of gravity, surface tension and the force induced by the wind, ignored that the effects of turbulent energy transfer across the multiphase interface, the high-nonlinear interface oscil-lating, and also introduced the assumptions that the total of the water attached on the cable is constant in order to keep the volume conservation, and the thickness of the rivulet has a symmetry conditions during the evolution. The coupled method, the evolution of rain water surrounding the cable under the combined pressure, shear, surface tension and gravity has been observed and captured more accurately and precisely. Rainwater rivulets are formed near the separated point around the cable when the wind flow around the cylinder, and the aerodynamic force has a jump around the rainwater rivulets near the separation points.

Chapter 4 explores the multi-scale simulation based on a two-way coupling Lagrangian particle approach combined with a VOF method. The numerical schemes and numerical considerations are summarized, including the multiphase incompressible Navier-Stokes equations, Lagrange point particle(LPP) advection equations, the two way coupling term and the transformation rules between LPP and VOF-resolved interface, the temporal discretization and spatial discretization, numerical rain model, transformation from the physical model to computational model, parameters selections and denitions, and boundary conditions. Finally, the modeling limitations are discussed. Chapter 5 extends the numerical multiphase and multiscale model to numerical results, including validations and discussions of rainwater morphology evolution and the aerodynamic characteristics of the cylinder subjected to wind and rain. Both the circumferentially vibrating upper rivulet and Von Karman vortex shedding shift to a much lower value phenomena has been clarified. In the entire process of rain dropping, we distinguish four different patterns: collision-splashing, accumulation-slipping, formation-breaking, and dynamic equilibrium. The dynamic characteristics of rivulet is that it oscillates periodically along the circumference of cylinder surface with a dominant frequency f = 0.9765 Hz. Furthermore, the rainwater morphology evolution over the circumference of cylinder surface is characterized by the wind inflow velocity, and exhibits diverse morphological characteristics under various wind inflow velocities. Corresponding to each pattern, four significant features of the stay cable lift force coefficient are categorized: the liquid-solid collision, the liquid-liquid collision, the slow-compound-wave-shape process, and the sharp-compound process. During the dynamic equilibrium state, the circumferentially periodically vibrating upper rivulet with a dominant frequency attributed to that the flow pattern transferred from between the laminar separation, transition, reattachment and turbulent separation to direct turbulent separation from the cylinder. The upper separation point oscillating forcibly and synchronously with the circumferentially periodically vibrating upper rivulet dramatically and consequently changed the Von Karman vortex shedding structure, and shifted the convectional Von Karman vortex shedding frequency to a much lower value.

Chapter 6 summarizes the main conclusions of the thesis, and a brief recommendation is presented.

Chapter 2

Numerical simulations for RWIV of stay cables based on the separated method

Introduction

A series of wind tunnel experiments indicated that the average positions of rainwater rivulets affect significantly the aerodynamic characteristics of stay cable [START_REF] Matsumoto | Aerodynamic behavior of inclined circular cylinders-cable aerodynamics[END_REF][START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF][START_REF] Matsumoto | Response characteristics of rain-wind induced vibration of stay-cables of cable-stayed bridges[END_REF][START_REF] Matsumoto | Rain-wind-induced vibration of inclined cables at limited high reduced wind velocity region[END_REF]. In this chapter, the separated method is implemented to investigate the effects of the average positions of rainwater rivulets(consistent with the wind tunnel tunnel experiments) on the aerodynamic characteristics of stay cable, the vortex shedding behind the cable, and the dominant frequency of the lift force coefficient of stay cable.

In this chapter, the incompressible Navier-Stokes equations are employed in the separated method, and the monotone integrated large eddy simulation (MILES) is also incorporated to simulate the subgrid-scale modeling effect. Various artificial rivulets locations are given, and the effects of the locations of the artificial rivulets on aerodynamic characteristics of the cable are investigated.

Assumptions and limitations

From physics aspect, the separated method assumes that the rivulets are considered as fixed solid surfaces attached on the cable, corresponding to the artificial rivulets wind tunnel tests [START_REF] Matsumoto | Aerodynamic behavior of inclined circular cylinders-cable aerodynamics[END_REF][START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF][START_REF] Matsumoto | Response characteristics of rain-wind induced vibration of stay-cables of cable-stayed bridges[END_REF][START_REF] Matsumoto | Rain-wind-induced vibration of inclined cables at limited high reduced wind velocity region[END_REF], and MILES model is also incorporated to simulate the subgrid-scale modeling effect.

Due to the assumptions, the separated model can not obtained the rainwater morphology evolutions along the circumference of cable surface, the effects of the dynamic rivulet on the aerodynamic characteristics of the cable are ignored in this model, and the turbulent transport phenomenon across the multiphase interface can not be captured, either.

Governing equations of the separated method for RWIV of stay cables

The separated method is based on Navier-Stokes equations of incompressible fluid, which are summarized as follows,

∇ • u u u = 0, (2.1) 
∂ u u u ∂t + (u u u • ∇) u u u = - 1 ρ ∇p + ∇ • µ ρ � ∇u u u + ∇u u u T + f f f , (2.2) 
where ρ and µ are the density and viscosity of fluid, respectively; u u u = (u, v) represents the velocity of fluid; p is the pressure; and f f f is the gravity force. These equations and the following ones are solved using the Gerris flow free software(http://gfs.sourceforge.net/wiki/index.php/Main_Page).

2.4 Boundary conditions and parameter selections for the separated method

Boundary conditions

A Dirichlet boundary condition is set up for the left-hand boundary of the flow field at inflow wind velocity. An outflow boundary condition is imposed on the right-hand boundary, and a symmetry boundary condition is imposed on the top and bottom boundaries for the wind. On the solid surface, a no-slip boundary condition is imposed for the air(Fig. 2.1). Moreover, to speed up the calculation, parallel calculation is adopted and each processor worked in the flow domain is also shown in Fig. 2.1 by different colors zones. 

Parameter selections

The initial parameters used in this numerical study are given as follows. The MILES SGS model is employed to simulate the turbulent effects when the wind flows past the cable. The Reynolds number reaches 5 × 10 5 at each case, and the gird level is 2 11 (i.e., the grid number is 2 11 per each length). Here, we define the attached angle(θ ) shown in Fig. 2.5 Numerical simulations for RWIV of stay cables based on the separated method

Vortex shedding characteristics analysis

The artificial rivulet attached on the cable surface affects significantly on the vortex shedding when the wind flows past the cable as shown in Fig. 2 Furthermore, the positions of artificial rivulets along the circumference of cable change the fluid structure, when the wind flows past the cable. Here, the attached angle(θ ) is defined as the position of artificial rivulet along the circumference of cable. When θ = 45 • (Fig. 2.4), the kinetic energy of wind can not be dissipated when the wind flows past the artificial rivulet, which is located ahead of the separation point. This phenomena can be also captured when θ = ±45 • (Fig. 2.5), and the flow structure is separation-attachment-separation. However, when θ = 60 • (Fig. 2.3), θ = 72 • (Fig. 2.6), and θ = ±75 • (Fig. 2.7), the wind flow can not provide enough kinetic energy when the wind flow past the artificial rivulets which is located near the separation point, and the vortex shedding behind the artificial rivulets radiates backward. The wind is direct separation from the cable surface, and has no chance to attach. The flow separated from the positions of the artificial rivulets directly due to the presence of the artificial rivulets(located near the separation points). From the results obtained by separated method, the positions of artificial rivulets along the circumference of cable change the flow pattern, i.e., separation direct from cable surface, when the positions of artificial rivulets satisfy θ ≥ 60 • ; and separation-attachment-separation when θ < 60 • .

Pressure distribution characteristics analysis

The (2.8)). This may be attributed to the fact that the flow pattern changes from direct separation from cable surface to separation-attachment-separation when the artificial rivulet lies ahead of the separation point, while when the artificial rivulet approaches to the separation point, the flow separated from the cable directly. Additionally, the effect range of the former case is larger than the latter, which would lead to strengthening and intensifying the fluctuating pressure distribution around the cable.

Aerodynamic forces characteristics analysis

The time evolutions of lift force coefficient and the power spectrums of lift force coefficient of each case are shown in Fig. ever, due to the occurrence of dynamic rivulets during RWIV as reported in the previous researchers [START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF]5], the frequency shifting phenomena, i.e.the Von Karman vortex shedding frequency directly obtained from the spectra of the fluctuating velocity shift to a much lower value than the conventional Von Karman vortex shedding frequency(the dominant frequency of vortex shedding decreases), occurs. Although the mechanics of frequency shifting from the convectional Von Karman vortex shedding frequency to the Von Karman vortex shedding frequency in RWIV is still unknown, it can be pointed out that the dominant frequency shifting from the convectional Von Karman vortex shedding frequency to the Von Karman vortex shedding frequency has no relationship with the average positions of artificial rivulets at static. significant role in these mean velocity distributions around the cable, i.e., when the attached angle of the artificial rivulet is less than 72 • , there would exist a sharp decrease both in the U -component and in the V -component mean velocity distributions around the cable, which may be attributed to the fact that the flow pattern changes from separation directly to separation-attachment-separation due to the presence of artificial rivulet along the circumference of cable(as shown in Fig. (2.13)); while when the attached angle of artificial rivulets are greater than 72 • (as shown in Fig.

(2.12)), there is not such a drop in mean velocity distribution around the cable, which may be attributed to that the wind flows past the cable and directly separated from the cable surface and the flow pattern is not changed.

Brief summary

The separated method is implemented to investigate rain wind induced vibration(RWIV) based on the assumption that the rivulets regarded as a fixed solid surface attaching on the cable, corresponding to the artificial rivulets wind tunnel experimental locations. Incompressible Navier-Stokes equations are employed, and MILES model is also incorporated to simulate the subgrid-scale modeling effect. Various artificial rivulets positions are given, and the effects of these positions on aerodynamic characteristics of the cable are investigated. In addition, the pressure distribution and the aerodynamic force analysis are also included.

The position of artificial rivulet affects the vortex shedding structure significantly, and it would change the dominant frequency of Von Karman vortex shedding finitely. Furthermore, the positions of artificial rivulets along the circumference of cable change the fluid structure, i.e., flow structure is separation-attachment-separation when the artificial rivulet lies ahead of the separation point; while flow structure separated from the cable surface directly when the artificial rivulet lies around the separation point.

Both the average and the fluctuating pressure coefficient distribution near the artificial rivulet have a sudden jump due to the artificial rivulet presence, and the positions of artificial rivulet affects more significantly on the fluctuating pressure coefficient distribution around the cable than the average pressure distribution.

The position of rivulet along the circumference of cable influences the dominant frequency of the lift force weakly and finitely, i.e., before the separation point, the Von Karman vortex shedding frequency increases finitely; and around the separation point, the Von Karman vortex shedding frequency decreases. Furthermore, the phenomenon, the dominant frequency shifting from the convectional Von Karman vortex shedding frequency to a much lower value, is not related to the positions of artificial rivulets, when both the artificial rivulets and the cable are in static.

Chapter 3

Numerical simulations of RWIV based on semi-coupled and coupled methods

Introduction

Considering the separated model limitations that can not capture the evolution process of rainwater rivulet, the semi-coupled model(SCM) is implemented to investigate the phenomena of rain-wind-induced vibration(RWIV) of stay cable. The SCM simplifies Navier-Stokes equations and force balanced equations on the interface with the lubrication theory as a rainwater height evolution equations. Consequently, rainwater morphology evolution along the circumference of cable surface can be obtained. However, the semi-coupled method ignored the turbulent transport effects across the multiphase interface and the complicated coupling phenomena between gas-liquid-solid interfaces. Additionally, the high nonlinear and complicated gas-liquid interface can not be captured in the semi-coupled method. Here, volume of fluid(VOF) method is employed to track the high nonlinear and complicated multiphase interface in coupled method. Both the rainwater rivulets evolution and the aerodynamic characteristics of cable can be captured to make a better understanding of the underlying mechanism of RWIV. This chapter will be organized as follows. Firstly, the assumptions, limitations and preparations for numerical model are given. Secondly, the semi-coupled model will be presented in this chapter, and the detailed analysis for semi-coupled method will be given. Finally, the coupled method of RWIV will be presented, and the brief conclusion will be summarized.

Assumptions, limitations and preparations for numerical model

Assumptions

For the semi-coupled method, a simplified 2D model for a thin film surrounding a cable subjected to gravity and surface tension based on lubrication theory has been developed [START_REF] Reisfeld | Non-isothermal flow of a liquid film on a horizontal cylinder[END_REF]. Supposing that a constant volume of the thin water film attached on the cable, the wind effect on rainwater attached on the cable viewed as a source term added in the background momentum equations to simplify the Navier-Stokes equations with the lubrication theory [START_REF] Lemaitre | Rainwater rivulets on a cable subject to wind[END_REF][START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF][START_REF] Robertson | Numerical simulation of rivulet evolution on a horizontal cable subject to an external aerodynamic field[END_REF][START_REF] Taylor | New developments in rain-wind-induced vibrations of cables[END_REF][START_REF] Taylor | Numerical simulation of the airflow-rivulet interaction associated with the rain-wind induced vibration phenomenon[END_REF][START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF].

For the coupled method, both rainwater morphology evolution and the recurrence of circumferentially oscillating upper rivulet are mainly determined by the wind inflow velocity or Reynolds number, which has been validated by both the experiments [5] and numerical simulations with the simplified models [START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF][START_REF] Robertson | Numerical simulation of rivulet evolution on a horizontal cable subject to an external aerodynamic field[END_REF][START_REF] Taylor | New developments in rain-wind-induced vibrations of cables[END_REF][START_REF] Taylor | Numerical simulation of the airflow-rivulet interaction associated with the rain-wind induced vibration phenomenon[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF]. Therefore, as compared with the 3-D model, the location, geometry, and oscillation of rainwater rivulet along the axis of cable are assumed to be homogenous and the secondary axial flow and three dimensional nature of wind-cable environment are ignored in the present 2-D model. Additionally, the assumptions that the volume of rainwater film attached on the cableis constant should be satisfied.

Limitations

For the semi-coupled method, the high nonlinear multiphase interface evolution can not be captured. Furthermore, the aerodynamic characteristics of cable can not be obtained, and the turbulent transport phenomena can not be considered into the numerical model.

Both for the two methods, the rain effects are considered as a thin film attached on the cable surface, furthermore, the total volume of rainwater keeps constant. Both two numerical models adopt the 2D model, however, it should be noted that 3D direct numerical simulation(DNS) for subcritical and multiphase flow is extremely complex and time consuming, therefore, a 2D model was adopted to alleviate the computational resources both for the semi-coupled and coupled methods, considering the axis direction of rainwater morphology evolution on the cable are uniform. And the 2D model is reasonable and creditable both from the physical mechanism and from the previous research works.

It is true that there still exist some limitations of this 2-D model, e.g., neglecting the secondary axial flow. However, considering the validation results and numerical efficiency, it is believed that the simulation based on a 2-D stationary model is quite useful to understand the phenomena of rainwater morphology evolution under different wind inflow velocities.

With the simplifications, the possible effects on the numerical results are explained as follows: the inhomogeneities of the locations, geometries, and oscillations of the rainwater rivulets along the axis of cable can not be captured and observed.

Preparations

Before we do the numerical simulations based either on the semi-coupled method or coupled method, a transformation from the physical domain in Fig. 4.2(a) to the computational domain in Fig. 4.2(b) is performed to convert the parameters, initial conditions, and boundary conditions of the 3-D stay cable model to 2-D model. Here, the reduced gravity(g N ) and the reduced wind velocity(U N ) employed in the present 2-D model depend on the inclination and yaw angle of the 3-D stay cable are given as,

g N = g cos α,U N = U cos β cos δ , (3.1) 
where α and β represent the incline and yaw angles, respectively. The angle between g N and U N is Ψ, and δ + Ψ = π/2, where δ = arctan(sin α tan β ). The rainwater running down along a stay cable under the combination gravity and surface tension are governed by incompressible Navier-Stokes as follows,

∇ • u u u = 0, (3.3) 
ρ Du u u Dt = ρg g g N -∇p + ∇ (µ∇ • u u u) , (3.4 
)

Dh h h Dt = u u u, (3.5) 
where, u u u is the velocity of rainwater; ρ and µ are the density and viscosity of rainwater, respectively; p is the pressure; h h h is the thickness of rainwater attached on the cable; and g g g N is the gravity force. Here, cylindrical coordinate system (e e e r r r , e e e θ , , , z z z) is introduced, and we can obtain that, 1 r

∂ (ru r ) ∂ r + 1 r ∂ (ru θ ) ∂ θ + ∂ u z ∂ z = 0, (3.6) ρ ∂ u r ∂t + u r ∂ u r ∂ r + u θ r ∂ u r ∂ θ + u z ∂ u r ∂ z - u 2 θ r + u θ r = ρg r - ∂ p ∂ r + µ   ∂ 1 r ∂ ru r ∂ r ∂ r + 1 r 2 ∂ 2 u r ∂ θ 2 + ∂ 2 u r ∂ z 2 - 2 r 2 ∂ u θ ∂ θ   , (3.7) 
ρ ∂ u θ ∂t + u r ∂ u θ ∂ r + u θ r ∂ u θ ∂ θ + u z ∂ u θ ∂ z + 1 r ∂ u θ ∂ r = ρg θ - ∂ p ∂ θ + µ   ∂ 1 r ∂ ru θ ∂ r ∂ r + 1 r 2 ∂ 2 u θ ∂ θ 2 + ∂ 2 u θ ∂ z 2 - 2 r 2 ∂ u r ∂ θ   , (3.8) ρ ∂ u z ∂t + u r ∂ u z ∂ r + u θ r ∂ u z ∂ θ + u z ∂ u z ∂ z = ρg z - ∂ p ∂ z + µ   ∂ 1 r ∂ ru z ∂ r ∂ r + 1 r 2 ∂ 2 u z ∂ θ 2 + ∂ 2 u z ∂ z 2   , (3.9) 
∂ h ∂t + u θ r ∂ h ∂ θ + ∂ h ∂ z = u, (3.10) 
where u = (u r , u θ , u z ) is the velocity of rainwater, and the r = R + h(here, R represents the radius of cable). The governing equations (3.6), (3.7), (3.8), (3.9), and (3.10) with the boundary conditions as follows,

(1)The no-slip boundary conditions at the cable surface for the rainwater,

u u u| r=R = (u r , u θ , u z )| r=R = 0, (3.11) 
(2)The normal stress across the interface balances with the surface tension,

n n n • T T T • n n n = κσ δ s . (3.12)
Here, T T T = -pI I I + τ τ τ is the total stress tensor; σ and κ are the coefficient of surface tension and the curvature of the rainwater surface, respectively; and δ s is the Dirac function, which represents the locations of the multiphase interface between the wind and rainwater. And the shear stress at the surface is balanced by the gradient in surface tension(here, ∇σ = 0), hence,

n n n • T T T • t t t = 0. (3.13)
In addition, the specify symmetry conditions and conservation of the fluid volume should be required,

∂ h(0,t) ∂ θ = 0; ∂ h(π,t) ∂ θ = 0; Z 2π 0 h 0 (θ ,t)dθ = V 0 . (3.14) 
The governing equations should be then non-dimensionalized. A characteristic length scale for flow in the radial and azimuthal direction is the initial mean film thickness, D. Viscous scales are used for the radial and azimuthal velocity, µ/R and µ/D respectively. A balance between the viscous stress and azimuthal pressure gradient lends to the pressure scale ρ µ 2 R/D 3 . Timescale for the flow is RD/µ. New coordinate ξ = r -R is employed. Then, the 2D case of the scaled radial component of equation is given as,

ε 3 U t +UU ξ + V 1 + εξ U θ - V 2 1 + εξ = -P ξ + ε 2 1 1 + εξ [(1 + εξ )U ] ξ ξ +ε 4 1 (1 + εξ ) 2 U θ θ -ε 3 2 (1 + εξ ) 2 V θ + ε 1 F 2 r cos θ + 1 We (1 + εξ ) κδ r ñ (3.15)
where ε = D R is the aspect ratio; F r = q ν 2 gD 3 is the Froude number; and We = ρν 2 σ D is the Weber number. And the scaled azimuthal component takes the form as,

ε V t +UV ξ + V 1 + εξ V θ - εUV 1 + εξ = - 1 1 + εξ P θ + 1 1 + εξ [(1 + εξ )V ] ξ ξ +ε 2 1 (1 + εξ ) 2 V θ θ + ε 3 2 (1 + εξ ) 2 U θ + 1 F 2 r sin θ (3.16)
The solution of the equations mentioned above when ε ≪ 1. Expand the dependent variables in powers of ε,

U = U 0 + εU 1 + ε 2 U 2 + O(ε 3 ); (3.17) V = V 0 + εV 1 + ε 2 V 2 + O(ε 3 ); (3.18) 
P = P 0 + εP 1 + ε 2 P 2 + O(ε 3 ). (3.19)
At leading order in ε, the ξdirection governing system is,

∂ P 0 ∂ ξ = 1 We (1 + εξ ) κδ r n n n, (3.20) 
which represents the pressure dropped balance with the surface tension force in ξ -direction. The θdirection governing system is,

- ∂ P 0 ∂ θ + ∂ 2 V 0 ∂ ξ ξ + sin θ F 2 r = 0, (3.21) 
which represents the viscous stress balanced by the azimuthal pressure gradient and gravity force. Based on the incompressible Navier-Stokes simplified equations and the force balanced equations with the lubrication theory for 2D model, we can obtain the rainwater height evolution equations attached on the cable surface as follows,

∂ H ∂ τ = ∂ H 3 cos (θ -δ ) ∂ θ - 1 Bo ∂ h H 3 ∂ H ∂ θ + ∂ 3 H ∂ θ 3 i ∂ θ + MF 2 RN 2 ∂ h H 3 ∂C p ∂ θ + H 2 3C f 2ε i ∂ θ . (3.22)
where the dimensionless height H(τ, θ ) = h(t, θ )/h 0 is scaled using the initial thickness h 0 . The dimensionless time τ = (g N h 2 0 /3µR)t is composed by gravity tension g N and liquid viscosity µ, R represents the radius of the cable. The first term represents gravity tension forced on the thin water film. In the first term, δ = arctan(sin α tan β ) represents the angle formed by gravity tension and the wind direction, and α, β is the wind-cable configuration characteristic angle in 3D; θ is the azimuth angle around the cable. According to wind-cable configuration, g N = g cos α where g represents gravity force tension. The second term in the right hand represents the surface tension forced on the thin water film, and the Bond number Bo = ρg N R 3 /γh 0 , related the gravity force to mean surface tension, where ρ represents the density of water, γ represents the surface tension coefficient between air and water. The last term represents the wind force effected on the water film, where M = ρ air /ρ liquid is the density ratio between air and water,

F RN = u N / √ g N R represents
Froude number, u N = U q cos 2 β + sin 2 β sin 2 α , where U is the velocity of the wind. C p , C f represent the pressure and friction coefficients distribution around the circumference of cable, respectively. ε = h 0 /R is the ration between the initial thickness of the water film and the radius of the cable. The basic parameters for the semi-coupled method are given as follows, ). The symmetrical rivulet can be observed and obtained near the separation point, when the wind flows past the cable. The topological shape evolution of rainwater just exhibits the height evolution, the average positions of rainwater rivulets does not change significantly. Hence, the circumferentially vibrating rivulet on the cable surface is not observed, which may be attributed to simplify the pressure and friction coefficient distribution around the cable as a dry surface, without considering the effects of the dynamic rivulet reacting on the flow field. The rivulet actually changes the shapes of the cross section of cable, and it would lead the aerodynamic characteristics changes when the wind flows past the cable. From all the tests based on the semi-coupled methods as shown in Fig. Due to the various parameters adopted in the semi-coupled method case illustrated in Table . 3.1, the morphology evolutions of the rivulet differ from case to case. For the Seidel case as illustrated in Fig. (3.2), the thickness are changing sharply before t =0.0003 s, and then after this fixed time point, the thickness of rivulet reaches stably and around h max ≈ 1.08 mm. And the morphology of rivulet exhibits relatively symmetrical. However, the other cases, Matsumoto case as illustrated in Fig. ), the thickness changes sharply both for the upper and lower rivulets. The morphology exhibits imperfectly symmetrical: the range of upper rivulet enlarges with time, while the thickness of upper rivulet increases gradually at first, and then keeps stable; the range of lower rivulet keeps stable and the thickness of the lower rivulet enlarges with time. These characteristics of rainwater rivulet are consistent with wind tunnel experimental results [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF].

It should be noted that the semi-coupled method can capture the rainwater evolution along the circumference of cable surface. Furthermore, during this process, the rainwater gathering and forming two symmetry rivulets attached on the circumference of cable near the separation points is observed. However, the rainwater rivulets are formed just considering the effects of gravity and the force induced by the wind, ignored that the effects of surface tension, turbulent energy transfer across the multiphase interface, the high-nonlinear interface oscillating, and also introduced the assumptions that the total of the water attached on the cable is constant in order to keep the volume conservation, and the thickness of the rivulet has a symmetry conditions during the evolution.

Numerical simulation of RWIV based on the coupled method

The couple method, which employs volume of fluid(VOF) method for tracking the multiphase interface between the wind and the rainwater films surfaces, is based on the assumptions that an artificial rainwater film attaches on the surface of cable and the total volume of rainwater is constant due to the rainwater virtual boundary conditions during the rainwater morphology [START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF].

Governing equation for the coupled method

In coupled method, the incompressible Navier-Stokes equations for the multiphase fluid are summarized as follows,

∇ • u u u = 0, (3.23) 
∂ (ρu u u) ∂t + ∇ (ρu u u • u u u) = -∇p + ∇ • µ � ∇u u u + ∇u u u T + f f f + σ κδ s n n n, (3.24) 
∂ F ∂t + ∇ • (u u uF) = 0, (3.25) 
where ρ and µ are the density and viscosity of the fluid, respectively; u u u = (u, v) is the velocity of the fluid; p is the pressure; δ s is the Dirac delta function, which represents the surface tension imposed on the interface between the liquid and the gas; n n n is the unit normal vector at the interface; σ is the surface tension coefficient; κ is the curvature of the interface; and f f f is the gravity as a source term in Navier-Stokes momentum equations. These equations and the following ones are solved using the Gerris flow free software(http://gfs.sourceforge.net/wiki/index.php/Main_Page).

Computational domain decomposition, boundary conditions and parameter selections

The computational domain was divided into two parts as shown in Fig. 3.7: the large eddy simulation (LES) zone, which was far from the surface of the cable, and the direct numerical simulation (DNS) zone, which was defined near the surface of the cable. The Dirichlet boundary condition for the inflow wind velocity was set up for the left bounadry of the flow field, the right boundary of the flow field adopted free outflow boundary condition, and the top and bottom boundaries employed the symmetry boundary condition. For the solid surface, the no-slip boundary condition was employed. The parameters used in the numerical 2-D model are transformed from the 3-D inclined cylinder [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF] by Eqs.(4.22) and (4.23). Specifically, the inclination and yaw angles of the cable are 30 • and 22.5 • , respectively; the length and height of the computational domain(CD) are 5m and 1m, respectively; the grid level in DNS is 2 17 (i.e., the grid sizes are given in each direction as, δ x = 2 -17 m and δ y = 2 -17 m.) and the thickness of DNS zone is 0.005 m; the maximum of grid level in LES zone is 2 13 ; the maximum time step requirement(∆t max =10 -8 s, ∆t < ∆t max ) during each time step, and the initial wind inflow velocity is 7.72 m/s. The adaptive mesh was employed in this simulation based on the vorticity gradient and the curvature of the multiphase interface to capture the flow field characteristics in detail and to ensure that high accuracy schemes are adopted for the multiphase interface reconstruction. 
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Rainwater morphology evolution validation on a stay cable subjected to gravity and surface tension

At the beginning of the simulation, only gravity of rain is considered to validate the simulation results an wind is neglected. Surface tension is a contractive tendency of the water surface, which resists an external gravity force. The vorticity and the volume of fluid evolution process are shown in Fig. 3.8(the red colored zone represents the distribution of the rainwater volume fraction) and Fig. 3.9(the colored zone represents the vorticity evolution), respectively. It can be seen form Fig. 3.8 that at he beginning, the shape of the water changes slowly before t = 0.25s. After t = 0.25s, the shape of water surrounding the cable changed rapidly, and at t = 0.25s, there are some droplets dispersed in surrounding air, separated form the cables. After that, the velocity of falling droplets increases quickly, which results in the Reynolds number of falling droplets go beyond the limitation of the surface tension, and then the large droplets change itself into many small shape of droplets in order to balance for the surface tension. After t = 0.4s, there are a lot of small droplets scattered in the air. It can be seen form Fig. 3.9 that at he beginning, the vorticity changed also regularly before t = 0.25s. At t = 0.3s, the vorticity disordered when the droplet will be separated from the cable. After t = 0.35s, as the droplets scattered in the air, the vorticity changed rapidly around the droplets, so the vorticity disordered completely in the whole flow field. These features are consistent with Reisfeld(1992) [START_REF] Reisfeld | Non-isothermal flow of a liquid film on a horizontal cylinder[END_REF].

Rainwater morphology evolution on a stay cable subjected to gravity, surface tension and wind

Next, form process of rain water rivulet at a stay cable is simulated under wind, gravity and surface tension. The simulation results of the evolution process of the shape of the rain water represented by the volume of fluid are presented in Fig. 3.10(the colored zone repre- It can be seen from Fig. 3.10 that t = 0.50s, a film with a thickness of 1mm is initialized surrounding on the cable surface, under the conditions that vortex shedding develops behind the cable and forms a stability flow field. At t = 0.501s, the rivulets are gradually emerging, which occurs from two conditions, i.e. one is near high pressure field point and the other is at the location of negative pressure gradient. After the rivulets emerge, the profile of the cable would be changed, which results in the will flow around the rivulets, the change in pressure field. After 10000 time steps calculation, at t = 0.502s , the locations of the high pressure point change around the cable, the locations of the rivulets change correspondingly, actuated around the originated high pressure point comparing with t = 0.501s. As time goes, the rivulets accumulate at the positions, which is near the separated point, and the rivulets develop. The rivulets have an important effect on the cable aerodynamics due to the profile change in cable cross-section, such as abrupt change in pressure, and large vorticity near the cable breaking into many small ones. The rapid change in pressure field and vorticity field near the rivulets result in the rivulets separating from the cable, make the droplets scatter in the air. And then, the small pieces of the rivulets and droplets will further change the vorticity structure near the separated point and break the big vorticity into many small ones. In this way, the rivulets will suppress the vortex shedding when the wind flows to the cable as shown in Fig. 3.10 3.11 and 3.12(the colored zone represents the vorticity distribution around the cable, and the green lines represent the rainwater morphology at fixed time).

The force coefficient around the cable is distributed as followed in Fig. 3.13. The pressure coefficient, before the initialization of thin rain water attaches on the cable, are shown in Fig. 3.13(a). After t = 0.5s, at that time the initialization of the thin rain water around the cable, the pressure coefficient increased apparently and abruptly in Fig. 3.13(b) 3.13(c) and 3.13(d). The peak value and the shape of pressure coefficient distributions around the cable are changing with time. The differences are mainly concentrated in three aspects. First, the abrupt peak value, which are caused by the formation and development of the upper rivulet comparing the Fig. 3.13(a) with the Fig. 3. 13(b), in the zone between 60 • and 120 • around the cable. From the Fig. 3.13(b) 3.13(c) and 3.13(d), the position of peak value is also changed obviously and clearly, it will lead to the oscillation of the upper rivulet. What's more, the the second difference is mainly concentrated in the zone near the 180 • . The abrupt change is a result of the vortex shedding after the cable in high Reynolds number, the part is a high frequency zones. It would changed the structure of the vortex shedding after the cable, breaking the large vortex into several small vortex, reduced the effect of the vortex induced vibration. The last difference is in the zone between 240 • and 300 • . This change is produced the lower rivulet around the cable. What's more, it is obvious that the peak value is lower than in the zone of between 60 • and 120 • from the Fig. 3.13(b) 3.13(c) and 3.13(d), but the zone between 240 • and 300 • is larger than upper rivulet zone, which makes the lower rivulet more stable and flatter, occupy a relatively larger zone.

Brief summary

It should be noted that the semi-coupled method can capture the rainwater evolution along the circumference of cable surface. Furthermore, during this process, the rainwater gathering and forming two symmetrical rivulets attached on the circumference of cable near the separation points are observed. However, the rainwater rivulets are formed just under the effects of gravity, surface tension and the force induced by the wind, completely ignored that the effects of turbulent energy transfer across the multiphase interface and the high-nonlinear interface tracking. Furthermore, the assumption that the total volume of the rainwater attached on the cable is constant to keep the volume conservation is introduced, and the thickness of the rivulet has a symmetry conditions during the computational process, and the thickness of the rivulet also introduced a symmetrical conditions in the model.

The evolution of rain water surrounding the cable under the combined pressure, shear, surface tension and gravity has been observed and captured more accurately and precisely in the coupled model. Rainwater rivulets are formed near the separated points around the cable when the wind flows around the cable, and the aerodynamic force has a jump around the rainwater rivulets near the separation points. However, it should be noted that the location, geometry, and oscillation of rainwater rivulet along the axis of cable are assumed to be homogenous and the secondary axial flow and three dimensional nature of wind-cable environment are ignored in the present 2-D model as compared with the 3-D model, and the inhomogeneities of the locations, geometries, and oscillations of the rainwater rivulets along the axis of cable can not be captured and observed.

Chapter 4

Multiphase and multiscale model for rain-wind-induced vibrations(RWIV)

Introduction

The impact of droplets on solid walls plays an important role in various industrial and environmental fields and especially for long cable-stayed bridge systems in civil engineering. Most researchers have focused on theoretical and applied research on droplet collision with a planar solid surface [START_REF] Pasandideh-Fard | Capillary effects during droplet impact on a solid surface[END_REF][START_REF] Clanet | Maximal deformation of an impacting drop[END_REF][START_REF] Eggers | Drop dynamics after impact on a solid wall: theory and simulations[END_REF]. To the best of our knowledge, no studies have concentrated on droplet impact on a curved surface, such as a cylinder, especially at high Reynolds number. Furthermore, droplet morphology evolution would lead to fluid structure instability during droplet collision with a curved surface, especially for subcritical and multiphase flow. This regularly occurs for inclined cables of cable-stayed bridges, and is known as rain-wind induced vibration (RWIV). Under conditions of rain and wind in a turbulent flow, the stay cables used in such bridge systems have been observed to experience vibrations with dramatic fluctuations in amplitude [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF][START_REF] Ni | Field observations of rain-wind-induced cable vibration in cable-stayed dongting lake bridge[END_REF][START_REF] Zuo | Field observation of vortex-and rain-windinduced stay-cable vibrations in a three-dimensional environment[END_REF]. In addition, rain leads to the formation of significant upper and lower rivulets that vibrate on the windward surface of the stay cable. Due to the existence of the upper rivulet and its vibration around the circumference given by the equilibrium cable position, some researchers have relied on analytical dynamic models to investigate the mechanisms of the structure instability [START_REF] Yamaguchi | Analytical study on growth mechanism of rain vibration of cables[END_REF][START_REF] Seidel | Rain-wind induced vibrations-phenomenology, mechanical modelling and numerical analysis[END_REF][START_REF] Peil | Rain-wind induced vibrations of cables in laminar and turbulent flow[END_REF]. However, such models fail to provide enough detailed information to describe the rainwater morphology and aerodynamic characteristics of the cable.

Previous experimental studies have investigated the mechanics of the fluid structure instability phenomenon that occurs when stay cables are subjected to wind and rain [START_REF] Matsumoto | Aerodynamic behavior of inclined circular cylinders-cable aerodynamics[END_REF][START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF][START_REF] Matsumoto | Response characteristics of rain-wind induced vibration of stay-cables of cable-stayed bridges[END_REF][START_REF] Flamand | Rain-wind induced vibration of cables[END_REF][START_REF] Bosdogianni | Wind-and rain-induced oscillations of cables of stayed bridges[END_REF][START_REF] Cosentino | Rain-wind induced vibration of inclined stay cables. part i: Experimental investigation and physical explanation[END_REF][START_REF] Gu | Experimental investigation of rain-wind-induced vibration of cables in cable-stayed bridges and its mitigation[END_REF]5,[START_REF] Gu | Experimental and theoretical simulations on wind-rain-induced vibration of 3-d rigid stay cables[END_REF][START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF][START_REF] Du | Aerodynamic characteristics of an inclined and yawed circular cylinder with artificial rivulet[END_REF]. These experiments suggest that the presence of the upper rivulet is largely responsible for the intensity of the vibration; the rivulet oscillating around the circumference of cable can be considered an amplifier of the entire process. Initial attempts to capture the upper rivulet, used an ultrasonic transmission thickness measurement system(UTTMS)-capable of measuring time-dependent spatial distribution of rainwater around the surface of an stay cable [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF]. The location, geometry, and oscillation data of rainwater rivulets were recorded and analyzed. However, current few wind tunnel designs permit the synchronized simultaneous recording of the aerodynamic characteristics of the stay cable and of the evolution of the rainwater morphology.

Numerical simulation is a convenient and cost-effective method to investigate the mechanism of aerodynamic characteristics and rainwater morphology distribution around the cylindrical surface. To simulate the rain effects, three methods have been proposed to investigate these phenomena. First, the aerodynamic characteristics of a cylinder may be derived, considering a convex hump fixed or with a pre-known rivulet vibrating trace on the cylinder surface near the separated point as the effects of the rainwater morphology distribution around the cylinder surface [START_REF] Li | Numerical simulations of flow around stay cables with and without fixed artificial rivulets[END_REF][START_REF] Li | A numerical and experimental hybrid approach for the investigation of aerodynamic forces on stay cables suffering from rain-wind induced vibration[END_REF]. However, this does not consider rainwater morphology evolution or the dynamic effects of the rainwater convex hump.

Second, a semi-coupled method has been studied [START_REF] Lemaitre | Rainwater rivulets on a cable subject to wind[END_REF][START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF][START_REF] Robertson | Numerical simulation of rivulet evolution on a horizontal cable subject to an external aerodynamic field[END_REF][START_REF] Taylor | New developments in rain-wind-induced vibrations of cables[END_REF][START_REF] Taylor | Numerical simulation of the airflow-rivulet interaction associated with the rain-wind induced vibration phenomenon[END_REF][START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Taylor | Numerical investigation of the coupled interaction between an unsteady aerodynamic flow field and a water film coating on a circular cylinder[END_REF] that divides the time averaged multiphase Navier-Stokes equations into two parts: background Navier-Stokes, similar to the single phase impressible Navier-Stokes system; and multiphase interface tracking, obtained by simplified time averaged multiphase Navier-Stokes equations based on lubrication theory in combination with the linear height function of the interface tracking method. The background Navier-Stokes equations provide the aerodynamic force coefficient, including the pressure and friction coefficient distribution around the cylinder, as inputs to the multiphase interface tracking equations. The multiphase interface tracking equations provide the source term required in the background Navier-Stokes equations. The inhomogeneity of the rainwater morphology distribution and evolution around the circumference of cylinder can be tracked in this 2-D model. However, turbulence and accurate circumferential rainwater morphology distribution around the cylinder are still difficult to address.

Finally based on the volume-of-fluid(VOF) method [START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF] the coupled method considers an artificial rainwater film surrounding the surface of the stay cable and assumes a constant total volume of rainwater owing to the artificial boundary conditions. The method makes it possible to track the evolution of the rainwater morphology in a more straightforward manner than by using Lemaitre's model [START_REF] Lemaitre | Rainwater rivulets on a cable subject to wind[END_REF][START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF]. However, in a subcritical or critical Reynolds number flow, both the aerodynamic characteristics and the flow pattern around the cylinder are extremely sensitive to the cylinder boundary conditions [START_REF] Cantwell | An experimental study of entrainment and transport in the turbulent near wake of a circular cylinder[END_REF][START_REF] Roshko | On the drag and shedding frequency of two-dimensional bluff bodies[END_REF]1,[START_REF] Norberg | Effects of reynolds number and a low-intensity freestream turbulence on the flow around a circular cylinder[END_REF][START_REF] Bearman | On vortex shedding from a circular cylinder in the critical reynolds number regime[END_REF], and the coupled method may be a not proper way to simulate the real rain effects in this fluid structure instability phenomenon.

Although extensive experiments and numerical investigations have been conducted, the accurate numerical simulation on the entire process of rainwater morphology evolution on the circumference of cylinder subjected to wind is still insufficient. This study focuses on a multiscale model for numerical simulation of the evolution of rainwater morphology on a cylinder subjected to wind. The study aims at a quantitative analysis for the effect of the rain infall intensity and tracking the rainwater morphology distribution around the cylinder surface accurately and in detail.

A methodology for the multiscale model is proposed with the Lagrange point particle(LPP) tracking for the rain droplets in the LES zone, combination with volume-of-fluid(VOF) method in DNS zone. Next, the governing equations are presented, which are adopted in the proposed multiphase and multiscale model, and the numerical schemes and numerical considerations are then presented. Finally, the modeling limitations are discussed in the end of this Chapter.

Multiphase and multi-scale model

The model proposed in this manuscript is based on the decomposition of the computational domain into two zones (Fig. 4.1): large eddy simulation (LES) and direct numerical simulation (DNS) zones. The LES zone is defined far from the surface, whereas the DES zone is near the surface of the cylinder. The rain droplets, considered as Lagrangian particles in LES zone, are converted into liquid droplets based on mass and momentum conservation when they fall into DNS zone. The velocity and volume of each liquid droplet are computed based on the mass and momentum of the corresponding rain droplet [START_REF] Popinet | A front-tracking algorithm for accurate representation of surface tension[END_REF][START_REF] Tomar | Multiscale simulations of primary atomization[END_REF]. 

Governing equations for incompressible background fluid

The Navier-Stokes equations for an incompressible background fluid can be summarized as,

∇ • u u u = 0, (4.1) ∂ (ρu u u) ∂t + ∇ (ρu u u • u u u) = -∇p + ∇ • µ � ∇u u u + ∇u u u T + f + α 1 σ κδ s n n n + α 2 Φ Φ Φ p , (4.2) 
∂ F ∂t + ∇ • (u u uF) = 0, (4.3) 
where ρ and µ are the density and viscosity of the fluid, respectively; u u u = (u, v) represents the velocity of the fluid; p is the pressure; δ s is the Dirac delta function at the interface; n n n is the unit normal vector at the interface; σ is the surface tension coefficient; κ is the curvature of the interface; f is the gravity force; the momentum source, Φ Φ Φ p , represents the effects of the dispersed phase simulated by the Lagrangian approach; F is the volume of fluid;

α 1 is the VOF coupling coefficient, which equals unity if the interface is captured based on the VOF method, and zero otherwise; and α 2 is the Lagrangian particle (LP) coupling coefficient, which equals unity if the droplets are captured based on the LP method, and zero otherwise.

Method for tracking Lagrangian particles

The advection equations for the Lagrangian particles in the LES zone are

dx x x p dt = v v v p , (4.4) 
m p dv v v p dt = F F F p,flow + F F F p,external + F F F p,collisions , (4.5) 
where m p , x x x p , and v v v p are the mass, position, and velocity, respectively, of the pth particle; and F F F p,flow , F F F p,external , and F F F p,collisions are the forces acting on the pth particle generated by the flow, external force, and force caused by collisions between the particles, respectively. Note that F F F p,collisions was ignored in this study.

F F F p,flow = F F F p,D + F F F p,L + F F F p,I + F F F p,M , (4.6) 
where F F F p,D , F F F p,L , F F F p,I , and F F F p,M are the drag force, lift force, inertial force, and added mass force, respectively, on the pth particle induced by the flow. Among the forces acting on the Lagrangian particles, the drag force generated by the background fluid plays an important role. This is given by

F F F p,D = - 3 4D p C D (Re p ) ρV p v v v p -u u u (v v v p -u u u), (4.7) 
where D p denotes the diameter of the pth particle; and C D is the drag coefficient, which is a function of the Reynolds number Re p = ρD p v v v p p pu u u /µ for the pth particle,

C D = 24 
Re p exp -0.1F + 0.201F 2 -0.03537F 3 + 0.002537F 4 , (4.8) 
where F = log(1 + Re p ).

Two-way coupling term and transformation rules

The momentum source, Φ Φ Φ p , represents the effects of the dispersed phase simulated using the Lagrangian approach,

Φ Φ Φ p = lim V f →0 N p ∑ p=1 V p V f ρ p g g g - dv v v p dt + ρ du u u dt -g g g , (4.9)
where V f is the control volume of the fluid, containing N p particles; and ρ p and V p are the density and volume of the pth Lagrangian particle, respectively. The source term is a combination of the net reaction force and the net buoyancy force; the former represents the total force on the particle and the latter is the total force on the background air.

When LPP rain droplets fall into the pre-specified DNS zone, they are converted into VOF-resolved droplets and the two-way coupling force is introduced in the grid. Furthermore, the LPP droplets are transformed into VOF-resolved droplets based on their proximity with the VOF interfaces. In the present study, when the distances between Lagrangian particles and the VOF interface are less than a grid cell, the Lagrangian particles are also transformed themselves into VOF-resolved droplets. In addition, to solve the Poisson equations efficiently and speed up the calculation process, adaptive mesh refinement [START_REF] Popinet | Gerris: a tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF][START_REF] Tomar | Multiscale simulations of primary atomization[END_REF] is used to capture the interface more accurately and calculated in paralleled. A small VOF resolved droplet leads to expensive computational effort. Small VOF-resolved droplets may appear after a breakup. Other VOF droplets escape out of the DNS zone. In both cases these droplets are converted into LPP droplets. The LPP point is assigned to the centroid of the particles, and its velocity is initialized based on the momentum of the droplets.

Numerical schemes for multiphase and multiscale model 4.3.1 General method

The Equations in the previous section are solved using the methods described in the literatures [START_REF] Popinet | Gerris: a tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF][START_REF] Popinet | An accurate adaptive solver for surface-tension-driven interfacial flows[END_REF]. One discretizes the fields on an adaptive quad-tree grid, and uses a projection method for the pressure, the advection of the velocity fields is performed using the second-order Bell-Collela-Glaz scheme, and momentum diffusion is treated partially implicitly. The interface is tracked using a Volume of Fluid (VOF) method with a Mixed Youngs-Centered Scheme [START_REF] Aulisa | Interface reconstruction with least-squares fit and split advection in three-dimensional cartesian geometry[END_REF] for the determination of the normal vector and a Lagrangian-Explicit scheme for VOF advection. Curvature is computed using the height-function method. Surface tension is computed from curvature by a well-balanced Continuous-Surface-Force method. Density and viscosity are computed from the VOF fraction C by an arithmetic mean. This arithmetic mean is followed by several steps of iteration of an elementary filtering.

The set of equations are solved using the Gerris flow free software (http://gfs.sourceforge.net/wiki/index.ph and the enhancements to the LPP module of Gerris developed by one of us (D. Fuster) [START_REF] Tomar | Multiscale simulations of primary atomization[END_REF].

Temporal discretization

A second-order accurate staggered time discretization can be implemented for the volumefraction/density and pressure fields. Based on the classical time-splitting projection method [START_REF] Chorin | Numerical solution of the navier-stokes equations[END_REF][START_REF] Peyret | Computational methods for fluid flow[END_REF][START_REF] Brown | Accurate projection methods for the incompressible navier-stokes equations[END_REF], the discretized equations can be given as follows

ρ n+ 1 2 u u u ⋆ -u u u n ∆t + u u u n+ 1 2 • ∇u u u n+ 1 2 = ∇ h µ n+ 1 2 (D n + D ⋆ ) i + (σ κδ s n n n) n+ 1 2 + f f f (4.10) u u u n+1 = u u u ⋆ - ∆t ρ n+ 1 2 ∇p n+ 1 2 (4.11) ∇ • u u u n+1 = 0. ( 4.12) 
From Eqs. (4.11) and (4.12), a Poisson equation that gives the pressure is obtained:

∇ • ∆t ρ n+ 1 2 ∇p n+ 1 2 ! = ∇u u u ⋆ (4.13) 
The viscous terms are computed using the Crank-Nicholson scheme to insure the second order accuracy in time and unconditional stability.

Spatial discretization

Quadtree partitioning is employed for the space discretization in two dimensions based on a finite volume method. All the variables(components of the momentum, pressure and passive tracers) are stored in the center of each cell in discretization volume. The divergence of the auxiliary velocity field u ⋆ appearing on the right-hand-side of discretization Poisson equation is computed in each control volume as follows [START_REF] Popinet | Gerris: a tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF],

∇ • u ⋆ = 1 ∆ ∑ f u f ⋆ • n f , (4.14) 
where ∆ the length scale of control volume, n f the unit normal vector to the cell face, and the u u u f ⋆ the auxiliary velocity field computed using averaging of the cell-centered values on all the faces of the Cartesian discretization volumes.

After solving the Poisson equation, the pressure correction is applied to the face-centered auxiliary velocity field u u u f n+1 , advancing the face-centered value as follows,

u f n+1 = u f ⋆ - ∆t ρ f n+ 1 2 ∇ f p n+ 1 2 , (4.15) 
where ∇ f is a face-centered gradient operator. The cell-centered velocity field at time n + 1 is obtained by applying a cell-centered pressure correction,

u c n+1 = u c ⋆ - ∆t ρ f n+ 1 2 ∇ f p n+ 1 2 c , (4.16) 
here, | • | c operator representing averaging over all the faces delimiting the control volume.

We use the adaptive mesh refinement(AMR) techniques implemented in Gerris based on the classical algorithms on regular Cartesian grids of different resolutions arranged hierarchically [START_REF] Minion | A projection method for locally refined grids[END_REF][START_REF] Almgren | A numerical method for the incompressible navier-stokes equations based on an approximate projection[END_REF][START_REF] Howell | An adaptive mesh projection method for viscous incompressible flow[END_REF][START_REF] Meyer | Simulation of Complex Turbulent Flows on Cartesian Adaptive Grids[END_REF][START_REF] Mencinger | A plic-vof method suited for adaptive moving grids[END_REF]4,[START_REF] Uzgoren | A unified adaptive cartesian grid method for solid-multiphase fluid dynamics with moving boundaries[END_REF][START_REF] Popinet | Gerris: a tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF][START_REF] Popinet | An accurate adaptive solver for surface-tension-driven interfacial flows[END_REF][START_REF] Singh | Threedimensional adaptive, cartesian grid method for multiphase flow computations[END_REF][START_REF] Ziegler | A three-dimensional cartesian adaptive mesh code for compressible magnetohydrodynamics[END_REF][START_REF] Aftosmis | Adaptive cartesian mesh generation[END_REF]3]. The only modification necessary is to allow coupling between grids at different levels through the boundary conditions. Quad discretization deals with various levels of refinement locally through the use of finite-difference operators adapted to work at fine/coarse cell boundaries.

Smoothness for the source term in LES zone for Lagrangian particle tracking

Here, a Gaussian distribution with standard deviation σ p is applied to the smoothed source term Φ p to ensure numerical convergence:

Φ Φ Φ p = Φ Φ Φ p e - |x x x-x x x p| 2 σ 2 p �√ 2πσ p D , (4.17) 
where the smoothed force Φ Φ Φ p is distributed over only a surrounding area of width approximately 3σ p to reduce the computational cost, x x x is the centre coordinate of the grid cell, and x x x p is the centre coordinate of the p-th particle position.

Numerical considerations for multiphase and multiscale model 4.4.1 Rain model

Rain is a stochastic process, represented in our model by a drop size distribution (DSD) [START_REF] Marshall | The distribution of raindrops with size[END_REF][START_REF] Best | The size distribution of raindrops[END_REF][START_REF] Villermaux | Single-drop fragmentation determines size distribution of raindrops[END_REF],

N(d) = n 0 exp - d hdi ; hdi -1 = 48.5R - 2 9 (4.18) 
where n 0 is the temperature-dependent Marshall-Palmer constant scale parameter(which at ground level, depending on the temperature, is equal to 0.08 cm -4 ); hdi is the average diameter; and R is the rain intensity.

In these DSDs, small droplets account for only a small fraction of the rainfall; however, for physical reasons, the numbers of droplets are overestimated for diameters smaller than 0.5 mm and larger than 6 mm. Furthermore, the smaller the diameter of the droplets, the larger the amount of computational resources needed, especially when the droplets fall into the DNS zone captured by the VOF method in the numerical analysis. A simplified rain model is proposed in this study to ensure consistency of the simplified model with the original DSD based on mass, momentum, and energy conservation.

Assuming that droplets with diameters smaller than 0.5 mm and larger than 6 mm are ignored, a cut-off spectrum with droplet diameters between 0.5 mm and 6 mm in the DSD can be chosen. The characteristic diameters are defined as the mean diameters in the cut-off spectrum based on mass, momentum, and energy:

D c,i = R D max D min v(D) i N(D)D 4 dD R +∞ 0 v(D) i N(D)D 3 dD , (4.19) 
where D min = 0.5 mm and D max = 6 mm represent the lower and upper diameter bounds, respectively, of the cut-off spectrum; v(D) is the terminal velocity of the droplets; N(D) is the number of droplets between D and D +dD computed from the DSD; and D c,i (i = 0, 1, 2) are the characteristic mass, momentum, and energy diameters, respectively, of the droplets.

Based on the conservation laws, equivalent equations are established:

2 ∑ i=0 N c,i D 3 c,i v(D c,i ) j = T j , (4.20) 
where

T j = R +∞ 0 v(D) i N(D)D 3 dD ( j = 0, 1, 2
) are the total volume, momentum, and energy, respectively, in the rain intensity DSD; and N c,i (i = 0, 1, 2) are the equivalent numbers of droplets.

Finally, the problem is transformed to finding the set of optimal integral solutions in a linear system:

min

||A i j N c,i -T j || s.t. N c,i > 0; N c,i ∈ Z + , (4.21) 
where A i, j is the diameter matrix, composed of D c,i and v(D c,i ); N c,i are optimal variables. Equation 4.21 is the objective function, and N c,i > 0 and N c,i ∈ Z + are the constraint conditions.

There are several feasible solutions for Equation 4.21. A non-negative least-squares algorithm is employed to ensure the equivalent diameters of rain droplets, sensitive to fluid structure interaction instability, verified by both field observation and wind tunnel test, reduce the numbers of small droplets falling into the VOF zone to mitigate computational resources, and lead to an optimal and unique solution.

The terminal velocity of a falling rain droplet is the velocity of the droplet when the sum of the drag force and the buoyancy force equals the downward force of gravity acting on this rain droplet. A rain droplet with a diameter of 1 mm, reaches 95% of its terminal velocity after falling for 0.9 s [START_REF] Van Boxel | Numerical model for the fall speed of raindrops in a rainfall simulator[END_REF]. Assuming the gravitational force is equal to the friction force, droplets in the small cloud with a diameter of less than 0.05 mm are treated as a laminar flow based on Stokes' law. For droplets with a diameter larger than 0.4 mm, a relationship between the droplet diameter and the droplet's terminal velocity has been proposed [START_REF] Best | The size distribution of raindrops[END_REF]. Linear interpolation is used for droplets whose diameter falls into a range of 0.05 to 0.4 mm.

The terminal velocity v t of rain droplets v t is represented by

v t =      30.28d 2 d ≤ 0.05mm 7.524(d -0.05) + 0.0757 0.05mm < d < 0.40mm 10.30 -9.65 exp(-0.6d) d ≥ 0.40mm
Moreover, the total volume of rainwater is very small in the per volume of gas(Fig.

??(b)), and it can be regarded as the rainwater with mass while without volume in the LES domain. Furthermore, the characteristic scale of turbulence around the rainwater droplet is much smaller than that around the cylinder. Therefore, the influence of turbulence characteristics of flow field around the rainwater droplet in the LES zone can be omitted for this special engineering issue.

4.4.2

Transformation from the physical model to computational model 3-D direct numerical simulation(DNS) for subcritical multiphase flow of a dynamic cylinder model is extremely complicated and time consuming. Fortunately, the rainwater morphology evolution along the circumference of cylinder surface is mainly determined by the wind inflow velocity and rainfall intensity [5,[START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF]. Moreover, the circumferentially oscillating upper rivulet is characterized by only one dominant frequency, while with different phases along each section of cylinder [5,[START_REF] Li | Measurement of rivulet movement on inclined cables during rain-wind induced vibration[END_REF]. Above results imply that rainwater morphology evolution over a cylinder surface exists intrinsically 2-D characteristic. Additionally, the simplified 2-D stationary models have been also employed to capture the rainwater morphology evolution in most previous numerical studies [START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF][START_REF] Robertson | Numerical simulation of rivulet evolution on a horizontal cable subject to an external aerodynamic field[END_REF][START_REF] Taylor | New developments in rain-wind-induced vibrations of cables[END_REF][START_REF] Taylor | Numerical simulation of the airflow-rivulet interaction associated with the rain-wind induced vibration phenomenon[END_REF][START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF][START_REF] Taylor | Numerical investigation of the coupled interaction between an unsteady aerodynamic flow field and a water film coating on a circular cylinder[END_REF]. However, the rainfall intensity can not be taken into account in these previous 2-D models.

In this study we combine a volume-of-fluid (VOF) method in the DNS zone with a Lagrange particle method in the LES zone to capture the rainwater morphology evolution on a cylinder under wind and real rain conditions. In addition, the influence of rainfall intensity has been taken into account in the present 2-D model. Although there still exist some limitations in the 2-D model, e.g., neglecting the effects of secondary axial flow and the phase differences along the axis of cylinder [START_REF] Matsumoto | Aerodynamic behavior of inclined circular cylinders-cable aerodynamics[END_REF][START_REF] Matsumoto | Vortex-induced cable vibration of cable-stayed bridges at high reduced wind velocity[END_REF][START_REF] Li | Measurement of rivulet movement on inclined cables during rain-wind induced vibration[END_REF], it is still reasonable and feasible to employ the 2-D model to investigate the rainwater morphology evolution over a cylinder surface under the combination action of wind and rainfall.

A transformation from the physical domain in Fig. 4.2(a) to the computational domain in Fig. 4.2(b) is performed to convert the parameters, initial conditions, and boundary conditions of the 3-D inclined cylinder model to 2-D model. Here, the reduced gravity(g N ) and the reduced wind inflow velocity(U N ) employed in the present 2-D model depend on the inclination and yaw angle of the 3-D inclined cylinder,

g N = g cos α,U N = U cos β cos δ , (4.22) 
where α and β represent the incline and yaw angles, respectively. The angle between g N and U N is Ψ, and δ + Ψ = π/2, where δ = arctan(sin α tan β ). 

Boundary conditions

The boundary conditions for wind and rain were set separately. For the wind, a Dirichlet boundary condition was set for the left-hand boundary of the flow field at different inflow wind velocities. An outflow boundary condition was imposed on the right-hand boundary, and a symmetry boundary condition was imposed on the top and bottom boundaries for air flow. For the rain, droplets were initialized on the top of the flow field at terminal velocity, and outflow conditions were carried on the left, right and bottom boundaries. The number of droplets depends on the simplified rain DSD. On the solid surface, a no-slip boundary condition was employed for both, as shown in Fig. 4.1(a).

where ρ wind , U N , and µ wind are the density, velocity and viscosity of the wind. D is the diameter of the cylinder, g N is the reduced gravity as given in the Eq. (4.22), and σ is the surface tension coefficient. All the values of these non-dimensional parameters are shown in Table 4.2. Additionally, to illustrate the entire process of rain droplets slipping around the circumference of the cylinder, some parameters were predefined. The numerical data at a fixed time, t i , contain a series of characteristic points, (θ t i i , h t i i ), and the envelope line of these points form the contact area (CA) at time t i during the evolution process,

θ t i 1 = min(θ t i i ); θ t i 2 = max(θ t i i ); h t i min = min(h t i i ); h t i max = max(h t i i ); (4.25) 
θ t i ave = R h max h min θ t i i h t i i dh R h max h min h t i i dh ; h t i ave = R 2π 0 θ t i i h t i i dθ R 2π 0 θ t i i dθ , (4.26) 
where θ t i 1 , θ t i ave and θ t i 1 represent the start, average, and end position of the CA at fixed time, t i , respectively; and h min , h ave , and h min are the minimum, average, and maximum thickness of the rainwater film attached on the surface of the cylinder in the CA at the fixed time t i , respectively, as shown in Fig. 4.1(b). All the discrete points at fixed time gathering together would compose the rainwater morphology distribution evolution characteristic curve, e.g. the average position of the rainwater film (θ ave ) evolution characteristic curve could be represented by

θ ave = θ t 0 ave , θ t 1 ave ..., θ t i ave ..., θ t T ave , (4.27) 
from t = 0 to t = T . Based on the integral of the pressure and the viscous force distribution around the cylinder, the lift/drag force is defined as,

F l = Z 2π 0 (-P(θ ) sin(θ ) + F y (θ )) dθ ; F d = Z 2π 0 (-P(θ ) cos(θ ) + F x (θ )) dθ (4.28) 
where

C F l = F l 1 2 ρ air U 2 ∞ ;C F d = F d 1 2 ρ air U 2 ∞ ;C P = (P -P ∞ ) 1 2 ρ air U 2 ∞ (4.29)
where P(θ ) is the pressure distribution around the cylinder and F y (θ ) and F x (θ ) are the viscous force distribution around the cylinder in Y and X direction, respectively; ρ is the density of the air; and U ∞ is the velocity of the wind at the left boundary.

Modeling limitations

A substantial amount of computational resources is needed for the 3-D direct numerical simulation(DNS) of subcritical and multiphase systems. However, both the field observations [START_REF] Hikami | Rain-wind induced vibrations of cables stayed bridges[END_REF][START_REF] Ni | Field observations of rain-wind-induced cable vibration in cable-stayed dongting lake bridge[END_REF][START_REF] Zuo | Field observation of vortex-and rain-windinduced stay-cable vibrations in a three-dimensional environment[END_REF][START_REF] Zuo | Interpretation of field observations of wind-and rain-wind-induced stay cable vibrations[END_REF] and the wind tunnel experiments [START_REF] Matsumoto | Aerodynamic behavior of inclined circular cylinders-cable aerodynamics[END_REF][START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF][START_REF] Matsumoto | Response characteristics of rain-wind induced vibration of stay-cables of cable-stayed bridges[END_REF][START_REF] Flamand | Rain-wind induced vibration of cables[END_REF][START_REF] Bosdogianni | Wind-and rain-induced oscillations of cables of stayed bridges[END_REF][START_REF] Cosentino | Rain-wind induced vibration of inclined stay cables. part i: Experimental investigation and physical explanation[END_REF][START_REF] Gu | Experimental investigation of rain-wind-induced vibration of cables in cable-stayed bridges and its mitigation[END_REF]5,[START_REF] Gu | Experimental and theoretical simulations on wind-rain-induced vibration of 3-d rigid stay cables[END_REF][START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF] indicated that the wind-rain-cylinder instability phenomenon were mainly dependent upon the circumferentially vibrating rivulets along cylinder surface. Furthermore, the rainwater morphology is mainly determined by wind inflow velocity [5,[START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF], and the circumferentially vibrating rivulet with a dominant frequency along the axis of cylinder preserves intrinsically 2-D characteristic [5,[START_REF] Li | Measurement of rivulet movement on inclined cables during rain-wind induced vibration[END_REF]. Additionally, a more simplified 2-D model has been extended for a thin film surrounding a cylinder subjected to gravity, wind force and surface tension [110, 69, 

. Therefore, 2-D multiscale model is thus a reasonable and acceptable alternative to accelerate the computational process for a 3-D case in a properer and more straightforward way compared with previous investigations. However, it should be pointed out that the proposed model assumes homogeneity for the location, geometry, and oscillation of rainwater rivulets along the axis of the cylinder, in addition, the effects of secondary axial flow, the phase differences along the axis of the cylinder, and the differences between 2D and 3D turbulence effects, i.e., inverse energy cascade, are not considered in this paper. As we know, this 2-D multiscale model is not totally realistic, however, it may be the most accurate model that can be done at the current stage of development of numerical simulation on aerodynamic characteristics of a cylinder under the wind and the real rain condition in the literatures.

Brief summary

This Chapter presented the principle of multiphase and multiscale model for rain-windinduced vibration(RWIV), which were employing a combination of fluid-dynamical approaches including direct numerical simulation(DNS), large eddy simulation(LES), volume of fluid method(VOF) and Lagrangian Point Particle (LPP) two-way coupling method to capture the multiphase interface evolution along the circumference of cylinder. The numerical schemes and numerical considerations were summarized, including the multiphase incompressible Navier-Stokes equations, Lagrange point particle(LPP) advection equations, the two way coupling term and the transformation rules between LPP and VOF-resolved interface, the temporal discretization and spatial discretization, numerical rain model, transformation from the physical model to computational model, parameters selections and definitions, and boundary conditions. Finally, the modeling limitations were discussed.

Chapter 5

Rainwater morphology and aerodynamic characteristics of a cylinder subjected to rain-wind-induced vibration(RWIV)

Introduction

The present Chapter numerically investigated both the rainwater morphology evolution and the aerodynamic characteristics of a cylinder subjected to rain and wind loads. To simulate the rain effects in a more reasonable and straightforward manner than in previous numerical investigations, this Chapter describes the observed evolution of the rainwater morphology and the aerodynamic characteristics along the circumference of cylinder. Microscopic analysis for the evolution of rainwater morphology was conducted. From the significant morphological features of rainwater sliding around the circumference of a cylinder, four patterns were identified and analysed during the evolution process: collision-splashing, accumulation-slipping, formation-breaking, and dynamic equilibrium. Additionally, four key features of the lift force corresponding to each pattern were identified based on the aerodynamic characteristics of the cylinder lift force coefficient: the liquid-solid collision, the liquid-liquid collision, the slow-compound-wave-shape process, and the sharp-compound process. In the dynamic equilibrium state, the circumferentially periodically vibrating upper rivulet were observed, and the dynamic upper rivulet leading to the emergence of frequency shift phenomenon was analyzed. The numerical simulation was validated by comparing the results with wind tunnel tests. Finally, the present study attempts to make a preliminary clarification of the mechanism underlying this fluid structure instability phenomenon.

Macroscopic analysis of the lift/drag force coefficient evolution

To describe the aerodynamic effects of the rainwater film on the inclined cylinder, characteristic cut-off sections were chosen for each pattern. These cut-off sections are indicated by rectangular and elliptical zones(R/EZ) corresponding to the lift and drag force coefficient time series(as defined in the previous Chapter), respectively(Fig. 5.1). Four key fea- tures of the lift force time evolution(including the liquid-solid collision, the liquid-liquid collision, the slow-compound-wave-shape process, and the sharp-compound process, represented by zones (1), ( 2), ( 3) and ( 4), respectively) were analyzed corresponding to each pattern: collision-splashing pattern (CSP), accumulation-slipping pattern (ASP), formationbreaking pattern (FBP), and dynamic equilibrium state(DES).

Collision-splashing pattern

Rainwater morphology evolution analysis

The collision-splashing pattern is a short-duration interaction event in which rain droplets impact on the surface of the cylinder, dash against the surface of the cylinder, and scatter in the air, as shown in Fig. 5.2. The circles represent Lagrangian particles, the yellow zones represent the interfaces captured by the VOF method, and the coloured zone represent vortex shedding behind the cylinder. At the beginning of the period, collision between the rain droplets and the solid surface is notable. When the collision pattern occurs, features dh max /dt < 0 and d(θ 2 -θ 1 )/dt < 0 are summarized. Initially, h max is almost equal to the diameter of the droplet; however, it drops sharply during the process, θ 1 decreases, and θ 2 increases due to the droplet lying along the solid surface; L increases gradually.

There is a critical point at dh max /dt = 0 that divides the process into collision and splashing pattern stages. After this, droplet splashing is dominant owing to momentum conservation. There are three phases of the splashing process. Initially, the main characteristics of this phase are dh max /dt > 0 and d(θ 2 -θ 1 )/dt ≈ 0, i.e., h max increases dramatically due to droplets scattering into the air, and the difference between θ 1 and θ 2 increases slightly. Then, dh max /dt ≈ 0 and d(θ 2 -θ 1 )/dt < 0, which shows that h max changes slightly and CA decreases, i.e., the film is waving in the air and connecting with the wet base. Finally, dh max /dt < 0 and d(θ 2 -θ 1 )/dt ≈ 0, which corresponds to a sudden drop in h max , i.e., the film is broken from the wet base as it splashes and scatters in the air, as shown in Fig. 5.3.

However, the transition from collision to splashing pattern is dependent on wind inflow velocity, as shown in Fig. 5.3. At wind inflow velocity U = 6.76 m/s, the transition occurs at approximately 0.40 s (Fig. 5.3(a)), whereas as the velocity increases to 7.40 m/s, 7.72 m/s, and 8.04 m/s, the transition occurs at approximately 0.44 s, 0.45 s, and 0.475 s (Fig. 5.3(b), (c) and (d)), respectively. Therefore, as wind inflow velocity increases, the transition time between collision and splashing pattern is delayed.

Aerodynamic characteristics analysis

The collision-splashing pattern is a short-duration interaction event in which rain droplets impact the surface of cylinder and simultaneously collide with each other due to external forces acting on them. Droplets behavior (i.e. collision-splashing as shown in Fig. 5.2), is predominant during this process. The rainwater film adhering to the inclined cylinder has a considerable effect on the average pressure coefficient distribution around the cylinder(Fig. 5.4(a)). The pressure coefficient distribution undergoes a jump in the range of (60 • , 120 • ) where the droplet collides with the cylinder. The average pressure coefficient distribution, reveals two negative pressure gradient zones(at around 60 • and 90 • ), which changed the flow structure when the wind flowed past the inclined cylinder. The separated point is located at around 60 • and 90 • from the average pressure coefficient distribution around the cylinder. A secondary flow is formed when the wind flowed past the rainwater films, additional vortex shedding occurred behind the splashing rainwater films, and the flow structure was characterized by separation, attachment, and separation. dh ave /dt ≈ 0 and d(θ 2 -θ 1 )/dt > 0, representing a gradual increase in the CA of the film, which implies the rainwater film is slipping down around the circumference of the cylinder, as demonstrated in Fig. 5 

Aerodynamic characteristics analysis

In the accumulation-slipping pattern, gravity and the aerodynamic forces of the wind acting on the film cause rainwater to collect gradually and move around the surface of the cylinder(as shown in Fig. 5.6). The thickness of the rainwater film increases gradually, and the wet surface of the rainwater film adhering to the cylinder expands along the circumference of the cylinder. It should be pointed out that the Lagrange particle converted into the VOFresolved surface based on the coupling rules as illustrated in Section 4.2.3 in the red dashed circles zones. Transition in the red dashed circles zones from Fig. 5.6(b) to Fig. 5.6(c), there exists one particles converted into the VOF-resolved surface, and the near the multiphase interface, the adaptive mesh scheme is employed. The average pressure coefficient distribution around the cylinder is shown in Fig. 5.8(a). In contrast to the collision-splashing pattern, the pressure coefficient distribution shows a jump around 45 • ; the range of the transition jump section in the pressure distribution around the cylinder extents to 150 • due to an increase in the wet surface of the rainwater film adhering to the cylinder. Additionally, two peaks occurred in the pressure coefficient distribution along the circumference of the cylinder in the range of (45 • , 150 • ), leading to some vortex shedding into the main vortices. An asymmetric separation points phenomenon occurred-that is, the wind separated from the upper cylinder surface at around 45 • , but it separated from the lower cylinder surface at around 300 • due to the presence of the rainwater film. This phenomenon thus forced the wind of the cylinder at the position of the rainwater as the wind flowed past the cylinder. The lift and drag force time series reveal that the lift force coefficient dropped and then gradually recovered during the accumulation-slipping pattern, beginning at around 0.75 s and ending at around 0.785 s(Fig 5 .8(b)). During this process, vortex shedding occurred behind the cylinder(flow structures are given in Fig. 5.9(a)-(f )); the lift force dropped slowly compared with the drop observed during the collision-splashing pattern. This discrepancy is due to the collision of rain droplets with the wet surface at around 0.75 s(Fig. 5.9(a)-(b)). The rainwater films adhering to the cylinder produced a delay that lessened the deformation of the falling rain droplets. A critical point was reached before 0.762 s when the lift force gradually dropped (because new droplets joined the rainwater film) and then gradually recovered (because the effective thickness of the rainwater film decreased) after0.762 s(Fig. 5.9(c)). A new droplet(considered as a Lagrangian particle) falling into the DNS zone thus had the potential to collide with the top of the cylinder(Fig. 5.9(d)). Consequently, a down up jump occurred in the lift and drag force coefficient time series at around 0.770 s(Fig. 5.8(b)), because the droplet, converted to liquid, was treated as a Lagrangian particle that was captured by VOF method which caused a dramatic drop in the lift and drag force coefficient time series. Similarly, (Fig. 5.9(e) and (f )), a new droplet collided with the wet surface in a self-similarity process(Figure 5.9(a)-(d)). However, the droplet, falling into trailing vortex zone, only had a weak impact on the lift force coefficient time series at around 0.78 s(Figure 5.8(b)) compared with the droplets falling into the positions close to the separation point. The next stage is the formation-breaking pattern, as shown in Fig. 5.10. During the morphological evolution of rainwater slipping down around the circumference of the cylin-der, an interesting phenomenon can be observed after the accumulation-slipping pattern. Compared to the accumulation-slipping pattern, all the variables, including h ave , θ 1 , θ 2 , and θ ave , change slightly over time, which represents the positions and the median thickness of the rainwater films attached to the cylinder surface, except h max , which represents the maximum thickness of the rainwater films attached to the cylinder surface, and is sensitive to some new droplets falling into the CA. During this process, the morphology of the film attached to the solid surface is fixed. These films are called static rivulets. The following features are summarized, dx x x dt ≈ 0, (

where x x x = (θ 1 , θ ave , θ 2 , h ave ) represents the variables describing the rainwater morphology. During the breaking pattern process, as illustrated on the left of Fig. 5.10, a new droplet falls into the CA, h max sharply increases, and there is a sudden drop in θ 2 due to the new droplet changing the morphology of the rivulet. The morphology of the rivulet is broken, i.e., a breaking pattern occurs. The feature of this pattern is

dh max dt = δ s , (5.2) 
where δ s is the Dirac delta function, representing the effect on the h max of a new droplet falling into the CA, as shown in Fig. 5.11(a), (b), (c) and (d) at different wind inflow velocities. During the evolution of the morphology of rainwater flowing around the cylinder, a static rivulet appeared following the accumulation-slipping pattern. Compared with the accumulation-slipping pattern, the values of the variables characterizing the rainwater film (including the thickness, the wet surface area, and the position of the rainwater film) changed only minimally over time until new droplets fell into the contact areas-that is, the film adhering to the solid surface had a fixed morphology. These attached films, called static rivulets, have a significant effect on the aerodynamic characteristics. Although the pressure coefficient distribution around the cylinder continued to exhibit a jump when a droplet fell onto the wet surface of the cylinder, a significant drop in the maximum peak value of the pressure coefficient distribution was observed compared with the collision-splashing pattern and the accumulation-slipping pattern, because the shapes and positions of static rivulets are constant(Fig. 5.12(a). The asymmetrical separation points phenomenon resisted. In contract to the accumulation-slipping pattern, four peaks occurred in the range of (60 • , 210 • ), demonstrating that the evolution of the rainwater films can be categorized into four main sections including two smaller final section.

Aerodynamic characteristics analysis

The lift force coefficient time series shows that the lift force coefficient dropped and recovered gradually, and then dropped and recovered again in a wave-like pattern(Figure 5.12(b)). The first trough in the lift force coefficient time series occurred at around 1.62 s, caused by an incoming new droplet. Because all variables were maintained constant by static rivulet, the lift force dropped and recovered slowly and gradually. The emergence of the static rivulet caused random vortex shedding near the surface of the cylinder, resulting in a more complex flow structure compared with the previous two patterns. The second trough in the lift force coefficient time series occurred at around 1.65 s, when another droplet arrived. Because of the random vortex shedding, the second droplet had a significant impact on the evolution of the lift force coefficient. This process comprised two incoming droplets. The aerodynamic force tended toward stability, and the vortex structures near the surface of the cylinder tended to be more complex due to the presence of the static rivulet. The lift force had a wave-like shape in time series; it is therefore referred to as the slow-compoundwave-shape process.

Dynamic equilibrium state

Rainwater morphology evolution analysis

In the dynamic equilibrium state, shown in Fig. 5.13, another interesting phenomenon happens at wind inflow velocity U = 7.72 m/s. The rainwater morphology shows regular behaviour, i.e., the average position, (θ ave ), of the rainwater film oscillates periodically around where g(t) = g(t + T ) represents the average positions of the periodical dynamic rivulets, and T is its period. The average thickness of the dynamic rivulets remains approximately constant.

Next, the rainwater morphology evolution on the cylinder is discussed in detail at the wind inflow velocity of 7.72 m/s (when RWIV occurs). Then, the effect of the wind inflow velocity will be discussed.

Recurrence of circumferentially oscillating rainwater morphology

During the dynamic equilibrium state at wind inflow velocity U = 7.72 m/s, the phenomena of circumferentially oscillating upper rivulet, i.e., dynamic rivulet, recurs. The maximum thickness of the dynamic rivulet h max is in the range of (1,2) mm, and the average thickness h ave is in the range of (0.2, 0.4) mm, as illustrated in Fig. 5.14(a). The average position of the dynamic rivulet θ ave is mostly within (60 • , 80 • ), which agrees well with that obtained in the wind tunnel tests in Li et al.(2010) [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF], as shown in Fig. 5.14(b). Most importantly, it is observed that the dynamic rivulet moves periodically along the circumference of the cylinder and the moving frequency of the dynamic rivulet coincides substantially with the natural frequency of the cylinder at the wind inflow velocity U = 7.72 m/s. The RWIV occurs under this condition in the wind tunnel test [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF], and these characteristics are consistent with [START_REF] Cosentino | Rain-wind induced vibration of inclined stay cables. part i: Experimental investigation and physical explanation[END_REF] [START_REF] Cosentino | Rain-wind induced vibration of inclined stay cables. part i: Experimental investigation and physical explanation[END_REF]. Furthermore, the dominant frequency of the average position of the dynamic rivulet ( f =0.9765Hz shown in Fig. 5.14(c)) is consistent with [START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF] [START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF] ( f =0.913Hz) at the identical wind inflow velocity U = 7.72 m/s. Consequently, the reliability and feasibility of the proposed method for capturing the main characteristics of rainwater morphology evolution at wind inflow velocity of U =7.72 m/s(when RWIV occurs) coupled with rainfall are validated through the comparisons above.

It should be pointed out that the features of dynamic rivulet on a 2-D cylinder surface obtained by the simulation agrees broadly with that on the 3-D model in the wind tunnel test. It may be attributed to that the frequency along the axis of cylinder is unique and identical and the rivulet frequency preserves an intrinsic 2-D characteristic [START_REF] Li | Measurement of rivulet movement on inclined cables during rain-wind induced vibration[END_REF]. However, there still exist some differences in comparison with experimental model, which may be attributed to that the rivulet characteristic is not only affected by the Reynolds number due to the aerodynamics of circular cylinder sensitive to the Reynolds number, but also related to the vibration of cylinder [START_REF] Cosentino | Rain-wind induced vibration of inclined stay cables. part i: Experimental investigation and physical explanation[END_REF].

It should be noted that the conventional Von Karman vortex shedding frequency, evaluated from Strouhal number, the diameter of cylinder model, and the wind inflow velocity as f v = StU /D=15.44, is not observed in the spectra of the dynamic rivulet average position, which is consistent with previous researches [START_REF] Lemaitre | Thin water film around a cable subject to wind[END_REF][START_REF] Lemaitre | Rainwater rivulets running on a stay cable subject to wind[END_REF][START_REF] Robertson | Numerical simulation of rivulet evolution on a horizontal cable subject to an external aerodynamic field[END_REF][START_REF] Taylor | New developments in rain-wind-induced vibrations of cables[END_REF][START_REF] Taylor | Numerical simulation of the airflow-rivulet interaction associated with the rain-wind induced vibration phenomenon[END_REF][START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Bi | 2d numerical analysis on evolution of water film and cable vibration response subject to wind and rain[END_REF][START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF][START_REF] Taylor | Numerical investigation of the coupled interaction between an unsteady aerodynamic flow field and a water film coating on a circular cylinder[END_REF]. The Von Karman vortex shedding frequency directly obtained from the spectra of the fluctuating velocity is much lower than the conventional Von Karman vortex shedding frequency due to the occurrence of dynamic rivulet [START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF]5]. However, the mechanics of frequency shifting from the convectional Von Karman vortex shedding frequency to the Von Karman vortex shedding frequency in RWIV is still unknown. The relationship between the frequency shifting phenomena and the dynamic rivulet reoccurrence is also unclear and needs to further investigate in future work.

Rainwater morphology evolution over the circumference of cylinder surface at various wind inflow velocities The average positions(θ ave ) obtained from the numerical simulations at various wind inflow velocities are shown in Fig. 5.15. It can be seen from Fig. 5.15 that the rainwater morphology distribution over the circumference of cylinder surface locates mainly in (30 • , 90 • ) for various wind inflow velocities. The rainwater morphology distribution along the circumference of cylinder surface is characterized by the wind inflow velocity, and exhibits diverse characteristics under various wind inflow velocities conditions, from random to regular distribution, and then oscillating periodically, then wakens and finally remitted with the increase in wind velocities from 6.76 m/s to 8.04 m/s. The positions of rainwater locate mainly (30 • , 90 • ), then randomly slip down from the cylinder surface at wind inflow velocity U = 6.76 m/s, as shown in Fig. 5.15(a). However, as the wind inflow velocity increases up to 7.40 m/s, the positions of rainwater change regularly and sinusoidally, mainly in (45 • , 90 • ), as demonstrated in Fig. 5.15(b). When the wind inflow velocity reaches 7.72 m/s, the positions of rainwater become regularly in (60 • , 80 • ). This feature is further strengthened as illustrated in Fig. 5.15(c). Furthermore, the dynamic rivulet forms and oscillates periodically along the circumference of cylinder surface mainly in (60 • , 80 • ) with a dominant frequency 0.9765 Hz as shown in Fig. 5.14(c) and 5.15(c). As the wind inflow velocity increases up to 8.04 m/s, the vibration amplitude of rainwater deceased sharply, as shown in Fig. 5. 15(d). The distribution of the rainwater morphology also presents in (60 • , 80 • ). However, the circumferentially vibrating rainwater is weaken and remitted, and the rainwater morphology appears to be statically attached to the cylinder.

The rainwater morphology profiles(represented by circles) obtained from the numerical simulations at various wind inflow velocities roughly agree with the results observed from wind tunnel experiments(represented in triangle as shown in Fig. 5.16, 5.17, 5.18 and 5.19). The descriptions of rainwater morphology profile are categorized into three types: the average position of rainwater, the thickness of rainwater, and the topological shape of rainwater attached on the cylinder. From Fig. 5.16, 5.17, 5.18 and 5.19, the average positions of rainwater obtained from the numerical simulations agree well with the wind tunnel experimental results [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF]. The thickness and topological shape of rainwater attached on the cylinder broadly agree with wind tunnel experimental results, which may be attributed to that both the wind tunnel experiments [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF] and the present numerical simulations can capture the mechanism of the rainwater morphology evolution across the circumference of cylinder surface, and the rainwater morphology evolution along the circumference of cylinder is mainly determined by the wind inflow velocities [5]. It should be pointed out that there exist some differences between numerical simulations and the wind tunnel experimental results at each wind inflow velocity(as shown in Fig. 5.16(a), 5.17(d), 5.18(c) and 5.19(d) etc.), especially for the thickness and topological shapes of rainwater. The thickness and topological shape differences between numerical simulations and wind tunnel experiments are mainly attributed to three reasons. Firstly, the rainwater morphology evolution across the circumference of cylinder is mainly determined by the wind inflow velocity [5], i.e., when the wind inflow velocity is 6.76 m/s, the rainwater morphology preserves random and nondeterminacy state(Fig. 5.15(a)), and the physical uncertainty would preserves the thickness and topological shape differences. Secondly, high nonlinear and complicated multiphase interface can be captured in numerical simulations based on VOF method, while the thinnest thickness of rainwater from the circumference of cylinder surface can be measured through UTTMS in wind tunnel experiments. Consequently, the inversion methodology can contribute to the thickness and topological shape differences of rainwater profiles at fixed time point during the rainwater morphology evolution process. Finally, the modeling limitations may attributed to these differences, due to ignorance of the secondary axial flow along the cylinder, which may cause these differences. However, with the increase in wind inflow velocities from 6.76 m/s to 8.04 m/s, the rainwater morphology exhibits from random to regular distribution, and then oscillating periodically, then wakens and finally remitted, and these differences significantly reduce(as shown in Fig. 5.16, 5.17, 5.18 and 5.19), i.e, the rainwater morphology evolution over the cylinder surface is mainly determined by the wind inflow velocity, consistent with [START_REF] Alam | Turbulent wake of an inclined cylinder with water running[END_REF] [5].

Consequently, the rainwater morphology evolution over the circumference of cylinder surface exhibits diverse characteristics under various wind inflow velocities, which is also reported by Li et al.(2010) [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF], [START_REF] Alam | Turbulent wake of an inclined cylinder with water running[END_REF] [5], and [START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF] [START_REF] Bi | Numerical simulation and analysis of the effects of water-film morphological changes on the aerodynamic lift of stay cables[END_REF]. Therefore, the reliability and feasibility of the proposed numerical method are further validated.

Aerodynamic characteristics analysis

The features of rainwater morphology evolution during the dynamic equilibrium state has been clarified [START_REF] Cheng | Multi-scale simulation of rainwater morphology evolution on a cylinder subjected to wind[END_REF] and given in Fig. 5.13. It should be noted that the Lagrange particles convert into the VOF-resolved surface(as illustrated in the red dashed circle zones from Fig. 5.13(a) to Fig. 5.13(b) and from Fig. 5.13(c) to Fig. 5.13(d)), when the rain particles approach to the DNS zones(based on the coupling rules as introduced in the previous Chapter). Additionally, the VOF-resolved surface converts into the Lagrange particle(based on the coupling rules as illustrated in Chapter 4), when the small droplets are far away from multiphase interface(in the dashed rectangle zone from Fig. 5.13(b) to Fig. 5.13(c)).

The average pressure coefficient distribution around the cylinder of the whole dynamic equilibrium state process reveals several jumps(denoted by circles), which represent the main effects of the dynamic rivulets(Fig. 5.20(a)). The average pressure coefficient distri- bution shows two main negative pressure gradient zones-that is, the wind flowing past the cylinder had a high possibility of separating from the cylinder at the negative pressure gradient zones. The negative pressure gradient zones provide the prerequisite for the emergence of upper rivulet. For the subcritical Reynolds regimes, the flow pattern is the laminar separation, transition, reattachment and turbulent separation of boundary layer [1,[START_REF] Bearman | On vortex shedding from a circular cylinder in the critical reynolds number regime[END_REF][START_REF] Norberg | Effects of reynolds number and a low-intensity freestream turbulence on the flow around a circular cylinder[END_REF]. Due to the emergence of rivulet, the flow pattern shifts to turbulent separation of boundary layer and the wind separates from the cylinder directly. As the decreasing of the thickness of rainwater film, the effects on the turbulent flow of the rivulets decline, the flow pattern transfer to the laminar separation, transition, reattachment and turbulent separation of boundary layer, and the separation moves to the rear of cylinder. Consequently, the separation would vibrate due to the emergence of rivulet, and the separation vibrating along the circumference of cylinder would lead to the circumferentially vibrating negative pressure gradient zone. The circumferentially vibrating negative pressure gradient zone may cause the circumferentially periodically vibrating upper rivulet.

The lift and drag force coefficient dropped sharply and recovered gradually( wind flows past the cylinder in subcritical Reynolds regimes [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF], is not observed in the spectra of the lift force coefficient. The vortex shedding frequency in the wake flow shifts to a much lower value(2.59 Hz), which may be attributed to the emergence of circumferentially vibrating upper rivulet. The circumferentially vibrating upper rivulet with the dominant frequency( f =0.9765Hz) locates near the separation point [START_REF] Cheng | Multi-scale simulation of rainwater morphology evolution on a cylinder subjected to wind[END_REF], and it would lead to a dramatic change of the dominant frequency of Von Karman vortex shedding. Furthermore, this circumferentially vibrating upper rivulet frequency locks with the Von Karman vortex shedding frequency. These aerodynamic characteristics and frequency shift phenomenon are validated by wind tunnel experiments [START_REF] Matsumoto | Rain-wind induced vibration of cables of cable-stayed bridges[END_REF]5].

Brief summary

A simulation of the entire process of rain falling onto a cylinder subjected to wind is presented based on a two-way coupling Lagrangian particle approach combined with a VOF method. The simulation results agree relatively well with previous results from the related studies.

In the entire process of rain dropping, we distinguish four different patterns: collisionsplashing, accumulation-slipping, formation-breaking, and dynamic equilibrium. The main feature of the collision pattern is a dramatic drop in h max , which increases during the scattering and waving phase of the splashing pattern, and decreases as the film breaks away from the wet base. One of the main features of the accumulation pattern is an increase in h ave , which finally drops during the slipping pattern due to an increase in the contact area. In the formation pattern, a significant feature is that all variables remain constant, and a static rivulet is formed in front of the separation point. Finally, we observe a sharp jump in h ave and h max when the breaking pattern starts. The dynamic equilibrium state is characterized by the formation of dynamic rivulets along the circumference of cylinder surface. The position and thickness of the dynamic rivulet are θ ave ∈ (60 • , 80 • ) and h ave ∈ (0.2 mm, 0.4 mm) at U = 7.72m/s. The dynamic characteristics of rivulet is that it oscillates periodically along the circumference of cylinder surface with a dominant frequency f = 0.9765 Hz. Furthermore, the rainwater morphology evolution over the circumference of cylinder surface is characterized by the wind inflow velocity, and exhibits diverse morphological characteristics under various wind inflow velocities.

The entire evolution process was summarized and analyzed. To describe the main characteristics of the lift force, four key features were categorized: liquid-solid collision, liquidliquid collision, slow-compound-wave-shape, and sharp-compound process corresponding to each pattern, i.e., collision-splashing, accumulation-slipping, formation-breaking, and dynamic equilibrium state. During the dynamic equilibrium state, the circumferentially periodically vibrating upper rivulet with a dominant frequency attributed to that the flow pattern transferred from between the laminar separation, transition, reattachment and turbulent separation to direct turbulent separation from the cylinder. The upper separation point oscillating forcibly and synchronously with the circumferentially periodically vibrating upper rivulet dramatically and consequently changed the Von Karman vortex shedding structure, and shifted the convectional Von Karman vortex shedding frequency to a much lower value.

Chapter 6

Conclusions and Recommendations

Conclusions

To develop a systemic numerical framework, including the separated model(SM), the semicoupled model(SCM), the coupled model(CM), and multiphase multi-scale model(MMM), to simulate the two key phenomena, circumferentially vibrating upper rivulet and Von Karman vortex shedding frequency shift, in high-resolution numerical scheme when the RWIV occurs, and to explore the mechanism of rain-wind-induced vibration(RWIV), the numerical investigations, including SM, SCM, CM, and MMM, have been investigated. Followings are the main conclusions drawn from these investigations:

(1) The separated model was implemented to investigate the effects of the artificial rivulet positions along the circumference of stay cable on the vortex shedding structure near the wake of the cable, pressure distribution around the cable, and Von Karman vortex shedding frequency shift. Investigations indicated the positions of artificial rivulets along the circumference of cable affected significantly and remarkably the flow structure and separation characteristics when the cable are in subcritical Reynolds regimes: the flow pattern was laminar separation, transition, reattachment and turbulent separation from the cable surface when the artificial rivulet positions placed ahead the separation point; the flow pattern transferred to direct turbulent separation from the cable surface when the artificial rivulet positions placed behind the separation point. However, the positions of artificial rivulet extremely weakly affect on Von Karman vortex shedding frequency near the wake of cable, when the cable is at static.

(2) The semi-coupled model was conducted to investigate the rainwater morphology evolution when RWIV occurred. Investigations indicated two rivulets were formed symmetrically near the separation point along the circumference of cable, when the cable was in the subcritical Reynolds regimes, the upper rivulet was observed around 60 • , and the lower rivulet was captured around 300 • . However, both the circumferentially vibrating upper rivulet and the frequency shift phenomena accompanying RWIV were not solved and explained detailedly and clearly by the SCM investigations due to the modeling limitations.

(3) Volume-of-fluid(VOF) method combined with incompressible Navier-Stokes equations was employed in the CM to investigate the rainwater morphology evolution and the aerodynamic characteristics of the cable. Both the high-nonlinear rainwater rivulets evolution along the circumference of cable and the aerodynamic characteristics of cable were analyzed detailedly and systematically. The results indicated the rainwater rivulet were formed near the separation points along the circumference of cable; the negative pressure zone along the circumference of cable provided a prerequisite for the formation of upper rivulet; the circumferentially vibrating upper rivulet were observed and considerably affected the flow structure and the vortex shedding near the wake of cable. However, the computational efficiency is reduced as the smaller droplets scattering in the surrounding air, furthermore, the assumptions, surrounding the stay cable with the constant volume of rainwater, can not reflect the real physical conditions (i.e., rain infall process) and can not obtain the real aerodynamic force from physical aspect.

(4) Multiphase multi-scale model(MMM), employing the Direct Numerical Simulation (DNS) near the cable surface, where the rain droplets were treated as a fully resolved phase using the Volume-of-Fluid (VOF) method to capture the liquid-gas interface, in combination with Large Eddy Simulation (LES) adjacent to DNS zone far from the cable surface, where rain droplets were considered as Lagrangian Point Particles (LPP), and the effects of the dispersed phase on the continuous phase was captured imposing a source term in the momentum equation, was implemented. Additionally, a proposed numerical rain model was incorporated into MMM to approximate the natural rain from physical aspect and reduce the computational resource from numerical aspect. Investigations indicated the rainwater morphology evolution along the circumference of cable was categorized into four patterns over the analysis of the entire evolution process: collision-splashing, accumulation-slipping, formation-breaking, and dynamic equilibrium. Furthermore, the rainwater morphology evolution over the circumference of cylinder surface was characterized by the wind inflow velocity, and exhibited diverse morphological characteristics under various wind inflow velocities. During the dynamic equilibrium state, both the circumferentially vibrating upper rivulet and Von Karman vortex shedding frequency shift phenomena were validated and clarified. The dynamic rivulets oscillated periodically along the circumference of cable surface with the position (θ ave ∈ (60 • , 80 • )), the thickness (h ave ∈ (0.2 mm, 0.4 mm)), and a dominant frequency ( f = 0.9765 Hz) at the specified wind inflow velocity (U = 7.72m/s). The circumferentially periodically vibrating upper rivulet with a dominant frequency attributed to that the flow pattern transferred from between the laminar separation, transition, reattachment and turbulent separation to direct turbulent separation from the cable surface. The upper separation point oscillating forcibly and synchronously with the circumferentially periodically vibrating upper rivulet dramatically and consequently changed the Von Karman vortex shedding structure, and shifted the convectional Von Karman vortex shedding frequency to a much lower value.

Recommendations

Although a significant progress has been made in this dissertation to investigate the mechanisms of rain-wind-induced vibration of stay cable, there remain some important issues deserving further studies to enhance the further understanding of rain-wind-induced vibrations of stay cables in cable-stayed bridges.

(1) The separated model involved in this thesis only considered the rigid stay cable with fixed artificial rivulet in 2D calculations. The 3D numerical investigations on static/motive stay cable with a motion/stationary artificial rivulet should be carried out in future study, to clarify the relationship between the artificial rivulets positions and the Von Karman vortex shedding frequency shift phenomenon, when the rain-wind-induce vibration occurs.

(2) The 2-D numerical model is established based on the assumption that the location and geometry of rainwater rivulet along the axis of cable are homogenous, and the secondary axial flow, three dimensional nature of wind-cable environment, and the oscillating cylinder effects on the rainwater morphology evolution are ignored. Under these assumptions, the inhomogeneities of the locations and geometries of the rainwater rivulets along the axis of cylinder can not be captured and observed. In addition, the secondary axial flow, three dimensional nature of wind-cable environment, and the oscillating cylinder effects on the rainwater morphology evolution can not be obtained. The effects of above model limitations on the rainwater morphology evolution over the circumference of cable surface need to further investigate in future work, and the 3-D computational MMM should be carried out to clarify the mechanism of RWIV.
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Fig. 1 . 1

 11 Fig. 1.1 The list ranks the world's cable-stayed bridges by the length of main span; Sutong Bridge (China), Pont de Normandie (France), E'dong Bridge (China), Tatara Bridge (Japan), Russky Bridge (Russia), and Stonecutters Bridge(China) from left to right and from top to bottom.

Fig. 1 . 5

 15 Fig. 1.5 The location, geometry, and observed data of rainwater rivulets were recorded by the UTTMS [70].

Fig. 1 . 7

 17 Fig. 1.7 Principle of the traditional VOF methods: (a) an accurate interface and the volume fraction value in each cell; (b) the SLIC interface reconstruction, where all line segments are parallel to one coordinate axis; (c) a PLIC interface reconstruction with unconnected line segments across each cell; the normal vector m m m = -∇C is approximated either by the volume fraction gradient.

Fig. 2 .

 2 Fig. 2.1 Multi-processors work distribution and boundary conditions.

Fig. 2 . 2

 22 Fig. 2.2 The attached angle definition in the separated method.

Fig. 2 . 3 Fig. 2 . 4 Fig. 2 . 5 Fig. 2 . 6 Fig. 2 . 7 Fig. 2 . 8

 232425262728 Fig. 2.3 Vortex shedding around the cable when the artificial rivulet is fixed at θ = 60 •

Fig. 2 . 9

 29 Fig. 2.9 Average and fluctuating pressure coefficient distribution around the cable surface: (a)average pressure coefficient for Case C, (b) fluctuating pressure coefficient for Case C, (c)average pressure coefficient for Case D, (d) fluctuating pressure coefficient for Case D, (e)average pressure coefficient for Case E, and (f) fluctuating pressure coefficient for Case E.

  average and fluctuating pressure coefficient distribution around the cable surface are shown in Fig. (2.8) and (2.9). It can be seen from Fig.(2.9) that the average pressure coefficient distribution exhibits symmetrically around the cable surface, while the fluctuating pressure coefficient distribution shows a approximating symmetry at the case without artificial rivulet fixed on the circumference of cable. While, when the artificial rivulet is fixed at 60 • along the circumference of cable, both the average and the fluctuating pressure coefficient distribution near the artificial rivulet have a sudden jump due to the artificial rivulet presence. Additionally, the positions of artificial rivulets affect significantly the fluctuating pressure coefficient distribution around the cable surface, and finitely on the average pressure distribution. These characteristics are also observed from the Fig.(2.8).It can be seen that the position of artificial rivulet affects more significantly the fluctuating pressure coefficient distribution, when the positions of rivulets locate ahead of the separation point(as shown in Fig.(2.8)) than the around the separation point(shown in Fig.

  (

Fig. 2 .Fig. 2 .

 22 Fig. 2.10 Lift force coefficient evolution(LFCE) with time and the power spectrum of lift force coefficient(PSLFC): (a) LFCE for Case A, (b) PSLFC for Case A, (c) LFCE for Case B, and (d) PSLFC for Case B.

Fig. 2 .

 2 Fig. 2.12 The U -component and V -component mean velocity distribution(UMVD and VMVD) around the cable surface: (a) UMVD for Case A, (b) VMVD for Case A, (c) UMVD for Case B, and (d) VMVD for Case B.

Fig. 2 .

 2 Fig. 2.13 The U -component and V -component mean velocity distribution(UMVD and VMVD) around the cable surface: (a) UMVD for Case C, (b) VMVD for Case C, (c) UMVD for Case D, (d) VMVD for Case D, (e) UMVD for Case E, and (f) VMVD for Case E.

Fig. 3 . 1

 31 Fig. 3.1 Transformation from 3-D stay cable to 2-D model: (a) spatial position of the 3-D stay cable, and (b) the computational 2-D model.
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 3331 Numerical simulation of RWIV based on semi-coupled method Governing equation for semi-coupled method

Two rivulets are symmetrically formed near the 60 •

 60 and 300 • along the circumference of cable as shown in Fig. (3.2), (3.3), (3.4), (3.5), and (3.6

  (

Fig. 3 . 2

 32 Fig.3.2 Rainwater morphology evolution with time based on the semi-coupled method of Seidel[START_REF] Seidel | Rain-wind induced vibrations-phenomenology, mechanical modelling and numerical analysis[END_REF] case.

  (

  3.3), Hikami case as illustrated in Fig. (3.4), Gu case as illustrated in Fig. (3.5), and Li case as illustrated in Fig. (3.6
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 33343536 Fig. 3.3 Rainwater morphology evolution with time based on the semi-coupled method of Matsumoto[83] case.
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 37 Fig. 3.7 Computational domain decompositions and boundary conditions.
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 3 Fig. 3.8 Rainwater morphology evolution under the combination of gravity and surface tension.

Fig. 3 .

 3 Fig. 3.11 Pressure field distribution evolution under the combination of gravity, wind inflow, and surface tension.

Fig. 3 .

 3 Fig. 3.12 Vorticity evolution under the combination of gravity, wind inflow, and surface tension.

Fig. 3 .

 3 Fig. 3.13 Pressure coefficient distribution around the cable and their evolutions with time.

Fig. 4 . 1

 41 Fig. 4.1 Computational domain and parameters describing rainwater morphology: (a)boundary conditions and computational domain, and (b) parameters describing rainwater morphology.

Fig. 4 . 2

 42 Fig. 4.2 Transformation from 3-D inclined cylinder to 2-D model: (a) spatial position of the 3-D inclined cylinder, and (b) the computational 2-D model.

Fig. 5 . 1

 51 Fig. 5.1 Drag and lift force coefficient time series (rectangular and elliptical zones indicate the time intervals that are discussed in detail below.

Fig. 5 . 2

 52 Fig. 5.2 Collision-splashing pattern, red circles represent Lagrangian particles, the yellow zones represent the interfaces captured by the VOF method and the vortex shedding behind the cylinder at various points in time: (a) 0.439 s, (b) 0.443 s, (c) 0.447 s, (d) 0.455 s, (e) 0.465 s, and (f ) 0.475 s.

Fig. 5 . 3

 53 Fig. 5.3 Characteristic parameters of collision-splashing pattern over time: squares, θ 1 ; circles, θ ave ; triangles, θ 2 ; diamonds,h max ; pentagons, h ave , at wind inflow velocity (a) U = 6.76 m/s, (b) 7.40 m/s, (c) 7.72 m/s, and (d) 8.04 m/s.

Fig. 5 . 4

 54 Fig. 5.4 Pressure distribution around the cylinder and details of the lift and drag force coefficient evolution. (a) Average pressure coefficient distribution around the cylinder during the collision-splashing pattern at (0.44 s, 0.46 s); (b) The characteristic subset of the time series for the lift and drag force coefficient evolution during the collision-splashing pattern.

Fig. 5 . 5

 55 Fig. 5.5 Vortex shedding during the collision-splashing pattern corresponding to the lift force time series at various points in time: (a) 0.439 s, (b) 0.443 s, (c) 0.447 s, (d) 0.455 s, (e) 0.465 s, and (f ) 0.475 s.

Fig. 5 .

 5 Fig. 5.6 Accumulation-slipping pattern, red circles represent Lagrangian particles, the yellow zones represent the interfaces captured by the VOF method and the vortex shedding behind the cylinder at various points in time(the red dashed circle zones represent the Lagrange particle converts into the VOF-resolved surface based on the coupling rules as illustrated in Section 4.2.3): (a) 0.751 s, (b) 0.757 s, (c) 0.770 s, and (d) 0.779 s.

  .7(a), (b), (c), and (d) at wind inflow velocities U = 6.76, 7.40, 7.72, and 8.04 m/s, respectively.

Fig. 5 . 7

 57 Fig.5.7 Characteristic parameters of the accumulation-slipping pattern over time: squares, θ 1 ; circles, θ ave ; triangles, θ 2 ; diamonds, h max ; pentagons, h ave , at wind inflow velocity (a) U = 6.76 m/s, (b) 7.40 m/s, (c) 7.72 m/s, and (c) 8.04 m/s.

Fig. 5 . 8

 58 Fig. 5.8 Pressure distribution around the cylinder and details of the lift and drag force coefficient evolution: (a) Average pressure coefficient distribution around the cylinder during the accumulation-slipping pattern at (0.751 s, 0.785 s); (b) The characteristic subset of the time series for the lift and drag force coefficient evolution during the accumulation-slipping pattern.

Fig. 5 . 9

 59 Fig. 5.9 Vortex shedding during the accumulation-slipping pattern corresponding to the lift force time series at various points in time: (a) 0.751 s, (b) 0.757 s, (c) 0.762 s, (d) 0.770 s, (e) 0.779 s, and (f ) 0.785 s.
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 5 Formation-breaking pattern 5.5.1 Rainwater morphology evolution analysis

Fig. 5 .

 5 Fig. 5.10 Formation-breaking pattern. Red circles represent Lagrangian particles, the coloured zones represent the interfaces captured by the VOF method and the vortex shedding behind the cylinder.

Fig. 5 .

 5 Fig. 5.11 Characteristic parameters of formation-breaking pattern over time: squares, θ 1 ; circles, θ ave ; triangles, θ 2 ; diamonds, h max ; pentagons, h ave , at wind velocities (a) U = 6.76 m/s, (b) 7.40 m/s, (c) 7.72 m/s, and (d) 8.04 m/s respectively.

Fig. 5 .

 5 Fig. 5.12 Pressure distribution around the cylinder and details of the lift and drag force coefficient evolution: (a) Average pressure coefficient distribution around the cylinder during formation-breaking pattern at (1.609 s, 1.695 s); (b) Characteristic cut-off section for the lift and drag force coefficient evolution during the formation-breaking pattern.

θFig. 5 .

 5 Fig. 5.13 Dynamic equilibrium state, red circles represent Lagrangian particles, the yellow zones represent the interfaces captured by the VOF method and the vortex shedding behind the cylinder at various points in time(the dashed circle zones represent the Lagrange particles convert into the VOF-resolved surfaces and the dashed rectangle zones represent the VOF-resolved surface converts into the Lagrange particle based on the coupling rules as illustrated in Section 4.2.3, respectively): (a) 3.424 s, (b) 3.432 s, (c) 3.440 s, and (d) 3.468 s.

Fig. 5 .

 5 Fig. 5.14 The characteristics of rainwater morphology evolution at the wind inflow velocity U =7.72m/s: (a) Average thickness and maximum thickness evolution of rainwater film, (b) average position evolution of rainwater film for numerical simulation, and (c) Single-sided amplitude spectrum of the average positions of rainwater film.

Fig. 5 .

 5 Fig. 5.15 Rainwater morphology evolution of numerical simulation at various wind inflow velocities: (a) U = 6.76 m/s, (b) 7.40 m/s, (c) 7.72 m/s, and (d) 8.04 m/s.

Fig. 5 .

 5 Fig. 5.19 Rainwater morphology distribution compared between experimental and simulation results at wind inflow velocity of U = 8.04 m/s at 4.567 s, 6.507 s, 7.284 s, 8.705 s, 9.126 s, and 10.000 s respectively, arranged from left to right from top to bottom.

Fig. 5 .

 5 Fig. 5.20 (a) Time-averaged pressure coefficient distribution around the cylinder during the dynamic equilibrium state; (b) Characteristic cut-off section of the lift and drag force coefficient during the dynamic equilibrium state; and (c) Single-sided amplitude power spectrum of the lift force.

Fig. 5 .

 5 20(b)). At around 3.424 s, a droplet collided with the solid surface (Fig. 5.21(a)); at 3.44 s (Fig. 5.21(c)), another droplet collided with the solid surface( Fig. 5.21). The time series of lift force coefficient during the dynamic equilibrium state consists of a random assembly of the liquid-solid collision and the liquid-liquid collision. Irregular Vortex shedding occurred near the cylinder (Fig. 5.21(a)-(d)). The morphology of the dynamic rivulet morphology is presented in detail in Fig. 5.21(a)-(d)(right side). It should be pointed out that the spectrum of the lift force coefficient shows a dominant frequency of 2.59 Hz (Fig.5.20(c)) during the dynamic equilibrium state. The conventional Von Karman vortex shedding frequency is f v = StU /D=15.44 Hz, with St = 0.2 when the

  (a) t = 3.424s (b) t = 3.432s (c) t = 3.440s (d) t = 3.468s

Fig. 5 .

 5 Fig. 5.21 Vortex shedding during the dynamic equilibrium state and dynamic rivulet distribution near the surface of the cylinder in the DNS zone at various times for a inflow wind inflow velocity of U = 7.72m/s.
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Table 1 .

 1 1 Parameters of artificial rainfall wind tunnel experiments

	Experimental Parameters	Hikami [58] Matsumoto [83] Verwiebe [147]
	wind tunnel size			
	(width(m)×height(m))	2.5 × 2.5	10 × 3.0	2.7 × 1.8
	cable model size			
	(diameter(m)×length(m))	0.14 × 2.6	0.14, 0.16 × 9.5	0.1 × 2.0
	mass of cable model(kg/m) frequency of cable model(Hz) damp ratio of cable model cable model material	37 1, 2, 3 0.11 -0.44 PE	---PE	-8.9 -PE
	wind inflow velocity(m/s) max cable displacement(m)	6 -18 0.36	0 -15 0.25	2 -30 0.26
	Experimental Parameters	Flamand[42]	Gu et.al [51]	Li et.al [70]
	wind tunnel size			
	(width(m)×height(m))	7.0 × 6.0	2.4 × 2.4	1.8 × 1.8
	cable model size			
	(diameter(m)×length(m))	0.16 × 7.0	0.12 × 2.5	0.1 × 2.0
	mass of cable model(kg/m)	16	15	17.15
	frequency of cable model(Hz)	2.4	1, 2, 3	0.952
	damp ratio of cable model cable model material	0.1 PE	0.14 -0.50 PE	0.17 Acrylic Resin
	wind inflow velocity(m/s) max cable displacement(m)	6 -13 0.32	5.5 -12 0.37	1 -30 0.11

  .3, 2.4, 2.5, 2.6, and 2.7. It should be noted that the artificial rivulet changes the structure of vortex shedding behind the cable.

The Von Karman vortex shedding behind the cable is presented in Fig.

2

.3, 2.4, 2.5, 2.6, and 2.7 with the artificial rivulets at 60 • , 45

Table 3 .

 3 1 Basic parameters for the semi-coupled method simulations of RWIV

	Authors	R(mm) Inclined Angle Yaw Angle MF 2 r	B -1 o
	Seidel(2006)[118] Matsumoto(1992)[83] Hikami(1988)[58] Gu(2005)[51] Li(2010)[70]	55 75 70 60 50	80 • 40 • 45 • 25 -45 • 30 •	90 • 45 • 45 • 25 -45 • 22.5 •	0.047 1.3 × 10 -4 0.095 1.2 × 10 -5 0.16 1.5 × 10 -5 0.069 1.9 × 10 -5 0.014 6.9 × 10 -2
	3.3.2 The rainwater morphology evolution on a stay cable

Table 3 .

 3 2 Basic parameters for the coupled method simulation of RWIV

	Parameter	Value (SI units)	Parameter	Value (SI units)
	Gravity(g)	9.81	Inclination angle (α)	30
	Initial heights(h)	0.001	Yaw angle (β )	22.5
	Density of rainwater (ρ p )	1000	Density of wind (ρ)	1.21
	Viscosity of rainwater (µ p )	0.00000101	Viscosity of wind (µ)	0.0000181
	Diameter of cable(D)	0.1	Surface tension (σ )	0.0728

Table 4 .

 4 2 Non-dimensional number for numerical simulation of rainwater morphology evolution Inflow velocity Reduced Re(Re R ) Reduced Fr(Fr R ) Reduced Weber(We R )

	U case1 = 6.76	42000	6.827	65.822
	U case3 = 7.40	51000	8.230	95.639
	U case2 = 7.72	49000	7.902	88.178
	U case3 = 8.04	51000	8.230	95.639

  Fig.5.[START_REF] Bi | Numerical simulation on rivulets around stay cable subject to wind[END_REF] Rainwater morphology distribution compared between experimental and simulation results at wind inflow velocity of U = 6.76 m/s at 4.133 s, 6.058 s, 7.022 s, 7.980 s, 9.042 s, and 10.000 s respectively, arranged from left to right from top to bottom.
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	Fig. 5.17 Rainwater morphology distribution compared between experimental and simu-
	lation results at wind inflow velocity of U = 7.04 m/s at 3.75 s, 4.231 s, 5.959 s, 8.271 s,
	8.367 s, and 9.804 s respectively, arranged from left to right from top to bottom.

���������� Fig. 5.18 Rainwater morphology distribution compared between experimental and simulation results at wind inflow velocity of U = 7.72 m/s at 5.191 s, 6.155 s, 7.116 s, 8.077 s, 9.038 s, and 9.81 s respectively, arranged from left to right from top to bottom.
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Parameter selections

The basic initial parameters used in the numerical simulation study are the same as Li et al.(2010) [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF], as shown in Table 4.1. Wind tunnel tests were performed on a cylinder model incorporating an ultrasonic transmission thickness measurement system (UTTMS). The UTTMS developed by Li et al.(2010) [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF] was capable of measuring the time dependent spatial distribution of rainwater morphology around the surface of the cylinder subjected to the wind.

The parameters used in the numerical 2-D model are transformed from the 3-D inclined cylinder [START_REF] Li | An ultrasonic transmission thickness measurement system for study of water rivulets characteristics of stay cables suffering from wind-rain-induced vibration[END_REF] by Eqs.(4.22) and (4.23). Specifically, the inclination and yaw angles of the cylinder are 30 • and 22.5 • , respectively; the length and height of the computational domain(CD) are 5m and 1m, respectively; the grid level in DNS is 2 17 (i.e., the grid sizes are given in each direction as, δ x = 2 -17 m and δ y = 2 -17 m.) and the thickness of DNS zone is 0.005 m; the maximum of grid level in LES zone is 2 13 and the adaptive mesh refinement(AMR) scheme is adopted in the LES zone; and due to the AMR scheme, each time step(∆t) satisfies the CFL constraint( U∆t δ x < 1) and the maximum time step requirement(∆t max =10 -8 s, ∆t < ∆t max ) during each time step.