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• The first part of this thesis is focused on the study of the hydrodynamics of ships in a restricted environment. This consists of the characterization of the flow around the ship and the generation of waves according to the geometric and kinematic characteristics of the ship and also the geometric characteristics of the waterway channel. To this end, the steps of numerical modeling adapted to navigation in a confined environment, which concern the preference of meshgeneration, numerical schemes, etc., was developed.

• The second part is devoted [START_REF] Almström | Measurements and analysis of primary ship waves in the Stockholm Archipelago, Sweden[END_REF] first to the validation and comparison of the numerical results with the experimental measurements from the laboratory of the CNR (Compagnie Nationale du Rhône) are carried out; [START_REF] Alte | Propulsion. handbuch der werften[END_REF] next to the examination of the ship's forward resistance according to different geometric configurations of the waterway channel (width, water depth, slope, etc.) (3) finally, to the implementation of a six-degree-of-freedom model (6DoF) to assist in the modeling of the sinkage and trim processes of ships in restricted waterways. Meanwhile, the critical effects of ships under different speed conditions in restricted environments were also researched and analyzed.

• The third part of the thesis deals with the study of the influence of waves induced by ships on the banks of inland waterways and in particular on the stability of the bank protection blocks. The erosion effect caused by the impact and shear of ship-induced waves on the exposed river bank was studied. The armor protection layer on the river bank is composed of discrete blocks and these blocks are regarded as rigid bodies that can collide with each other and with the banks. Thus, in this part, a CFD-DEM solver, SediFoam, was applied to (1) take into account the solid-solid and solid-boundary of domain rigid contact and collision processes and (2) investigate the stability of the rocky layer of banks, based on the average of the movements of the blocks.
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Résumé en Français

Mots clés: hydrodynamique navale; vague d'étrave; résistance à l'avancement; mécanique des fluides numérique (CFD); interaction fluide-structure (FSI); voie navigable Le sujet de thèse concerne la Modélisation de l'impact de la navigation fluviale sur la voie navigable par les méthodes CFD, en utilisant OpenFoam.

• Dans la première partie de la thèse, l'hydrodynamique des navires en milieux confinées a été étudiée. Elle consiste en la caractérisation de l'écoulement autour du navire et la génération des vagues de batillage en fonction des caractéristiques géométriques et cinématiques du bateau et également des caractéristiques géométriques du chenal de navigation. Pour cela, une étape de modélisation numérique adaptée à la navigation en milieux confinés, qui concerne le choix du type de maillage, de schéma numérique, etc.., a été élaborée.

• La deuxième partie est consacrée (i) tout d'abord à la validation et la comparaison des résultats numériques avec les mesures expérimentales en laboratoire du CNR (Compagnie Nationale du Rhône) (ii) ensuite à l'examen de la résistance à l'avancement du bateau suivant différentes configurations géométriques du canal de navigation (largeur, profondeur d'eau, etc..) (iii) enfin, à la modélisation des processus du Sinkage et du Trim du bateau et à leur influence sur la résistance à l'avancement du bateau. Outre les dimensions géométriques du canal de navigation, l'enfoncement, le tirant d'eau, et la vitesse du bateau ont été également pris en compte pour étudier leur influence sur la résistance à l'avancement.

• La troisième partie de la thèse est consacrée à l'étude de l'influence des vagues d'étrave et des ondes de batillage générées par le déplacement des bateaux sur les berges des voies navigables et notamment sur la stabilité des blocs de protection des berges. Les blocs forment ici un milieu discret et sont considérés comme des corps rigides susceptibles d'entrer en collision les uns avec les autres et avec les berges. Ainsi, dans cette partie, un modèle de corps rigides à 6 Degrés de Liberté (6DoF), qui tient compte de la forme des blocs, a été utilisé pour (i) tenir compte des processus de contact et de collision solide-solide et solide-bords rigides et pour (ii) étudier la stabilité de la berge, en se basant sur la moyenne des mouvements des blocs. 2.1 The primary wave system [START_REF] Bertram | Practical ship hydrodynamics[END_REF] . . . . . . . . . . . . . . . . . . . . . 9 2.2 Composition of a secondary wave system. Left image source: [START_REF] Nosenko | Compressional and shear wakes in a two-dimensional dusty plasma crystal[END_REF] . . 10 2.3 Numerical relationship between the angle θ and y

x in Kelvin wave system ( [START_REF] Torsvik | Modelling of ship waves from high-speed vessels[END_REF]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 2.4 Dependence of the wave angle on the depth-Froude number (F rh )( [START_REF] Soomere | Long ship waves in shallow water bodies[END_REF][START_REF] Pethiyagoda | Time-frequency analysis of ship wave patterns in shallow water: modelling and experiments[END_REF][START_REF] Torsvik | Modelling of ship waves from high-speed vessels[END_REF]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . [START_REF] Bilkovic | Review of Boat Wake Wave Impacts on Shoreline Erosion and Potential Solutions for the Chesapeake Bay[END_REF] 2.5 Components of the ship resistance ( [START_REF] Bertram | Practical ship hydrodynamics[END_REF][START_REF] Molland | Ship resistance and propulsion[END_REF]). . . . . . . . . . . . . . [START_REF] Briggs | Ship squat predictions for ship/tow simulator[END_REF] 2.6 Typical curve of ship resistance components. [START_REF] Bertram | Practical ship hydrodynamics[END_REF] The capacity of inland waterways to facilitate transport is making it an important part of the modern transportation chain, which has triggered the continuous progress of ship technology and modern ships are showing a development tendency of larger and faster as a consequence of chasing economic and environmental benefits. However, it is hardly feasible to expand the navigable width and depth, so that vessels will have to sail closer to the boundaries of waterways. Moreover larger ships will be sailing at small under keel clearances to maximize their loading capacity. Hence the navigation safety of large ships in inland restricted waterway is becoming more and more important. It can be seen in studies that after the ship entering the confined waters, due to the increased resistance, the speed will be reduced by up to 30%. In the more severely restricted river channels, the speed can even be reduced by 60%

( [START_REF] Tezdogan | A numerical investigation of the squat and resistance of ships advancing through a canal using CFD[END_REF][START_REF] Du | Resistance and wave characterizations of inland vessels in the fully-confined waterway[END_REF]). At the same time, the ship will be subjected to fluid pressure force in shallow water, resulting in trim and sinkage phenomena, collectively referred to as the ship's squat, which greatly affects the safety of ships in confined waterway ( [START_REF] Linde | Threedimensional numerical simulation of ship resistance in restricted waterways: effect of ship sinkage and channel restriction[END_REF][START_REF] Ji | 3D Modeling of sediment movement by ships-generated wakes in confined shipping channel[END_REF]) (as shown in Fig. 1.1). There are many factors affecting ship hydrodynamics and behaviors in restricted waters: water depth, ship speed, river bank slope, ship drafts, etc., which requires uninterrupted and comprehensive investigation.

1 the energy and impact of the waves and the mass of blocks can also reduce the damage caused by ice. However, in the inland river region with frequent shipping, due to the continuous impact and shear of ship waves, the armor layer will fail due to particle erosion, translational slides, slumps and side slope failure. Therefore, it is very meaningful to study the relationship between the ship-induced waves and the stability of the armor layer.

Aims and objectives of the thesis

This thesis aims to investigate the ship-waves modeling that occurred during inland shipping transport and the interactions between ship-waves and waterway banks based on CFD. The most commonly-used and advanced numerical models will be explained and validated comprehensively for ship simulations. The most important aspects include:

• The most commonly used CFD and CFD-DEM methods with validation, extension and application will be applied in this thesis, and the state of the art in ship-induced waves modeling and waterway bank erosion process will be also introduced in detail;

• The confinement effects of the inland waterway with a trapezoidal section will be investigated. The influences of the channel dimensions, water depths, ship drafts and bank slope degrees on the advancing hydrodynamics and shipgenerated waves will be analyzed and summarized;

• The interactions between ship-induced waves and waterway banks will be simulated and analyzed to strengthen the understanding of wave-generated erosion.

The impact and shear effects of ship-induced wave on waterway bank and the critical velocity effect will be investigated and characterized;

• The CFD-DEM solver, SediFoam, will be applied to study the stability of the armor protection layer on the waterway bank.

Thesis outline

This thesis is organized as follows:

-In Chapter 2 (state of the art) the literature review about the ship hydrodynamics and behavior, such as the ship squat and resistance in restricted waterway is introduced. the ship-induced waves modeling, as well as their interactions with the waterway banks is presented.

-In Chapter 3 the numerical simulation methods and the framework of the numerical solver based on the OpenFOAM, including the multiphase models, turbulence models, solid body motion approaches and the finite volume discretization are also introduced in detail. The validation and verification studies for ship waves simulations are given. Here the mesh convergence and the comparison with experimental results are presented, as well as the confinement effects on ship-induced waves modeling and ship hydrodynamics in the restricted waterways.

-In Chapter 4 the interactions between ship-induced waves and the waterway bank, including the impact and shear effects on bank erosion processes are investigated. Critical effects under different velocity conditions are also simulated and analyzed.

-In Chapter 5 the CFD-DEM solver, namely SediFoam is used to investigate the motions of massive solids under the action of ship-induced wave. The mathematical methods of particle motions, particle-fluid interactions are presented.

The stability of the armor protection layer composed of various shaped blocks under the action of ship-induced waves is also studied.

-The Conclusions and future work are given in the last chapter.

Chapter 2

Review on ship hydrodynamics and the interactions between ship-waves and the waterway bank

Introduction

This chapter presents the state of the art literature review of interesting research topics for ship hydrodynamics, ship behavior, ship-induced wave modeling, and the interactions between ship waves and waterway banks when a ship advancing in restricted waterway.

Emphasize the following aspects:

• The concept of ship-induced waves is introduced;

• The valuable research contents of ship resistance in open and restricted environment is presented;

• The ship squat phenomenon is explained;

• The inland waterway erosion process and the stability of armor protection layer are summarized and introduced.

Theory of ship-induced waves

When the vessel is passing in the waters, as a result of mutual hydraulic interactions between hull and water body, the pressure varies at the water-air interface. This phenomenon will cause a series of fluctuations in the interface and which is also the basic principle of ship-induced waves ( [START_REF] Fonseca | Experimental investigation of the nonlinear effects on the vertical motions and loads of a containership in regular waves[END_REF][START_REF] Gui | Forces, moment, and wave pattern for surface combatant in regular head waves Part I. Measurement systems and uncertainty assessment[END_REF][START_REF] Gui | Forces, moment and wave pattern for surface combatant in regular head waves Part II. Measurement results and discussions[END_REF][START_REF] Higuera | Realistic wave generation and active wave absorption for Navier-Stokes models: Application to OpenFOAM[END_REF][START_REF] Higuera | Three-dimensional numerical wave generation with moving boundaries[END_REF][START_REF] Hino | CFD workshop Tokyo 2005 workshop on numerical ship hydrodynamics[END_REF][START_REF] Jacobsen | A wave generation toolbox for the open-source CFD library: OpenFoam[END_REF][START_REF] Jiang | Simulation of shallow water waves generated by ships using Boussinesq equations solved by a flux-difference-splitting method[END_REF][START_REF] Li | Ship waves on uniform shear current at finite depth: wave resistance and critical velocity[END_REF][START_REF] Lin | Internal wave-maker for Navier-Stokes equations models[END_REF][START_REF] Nwogu | Numerical Modeling of Ship-Induced currents in Confined Waterways[END_REF][START_REF] Sigmund | Numerical and experimental investigation of added resistance of different ship types in short and long waves[END_REF][START_REF] Simonsen | EFD and CFD for KCS heaving and pitching in regular head waves[END_REF]). The investigations of ship-induced waves are not only concerned by naval architects and fluid mechanics researchers but also burning research issues in water conservancy, environmental and ecological engineering. Using frequency as a basis for differentiation, there are two main classifications of ship-induced waves: the primary waves and secondary waves ( [START_REF] Bertram | Practical ship hydrodynamics[END_REF]).

The frequency characteristic of the primary wave system is long period T LP (primary wave period) ≥ 10 s and which is a complete wave sequence consisting of the bow wave, depression and stern wave that occurs alongside the hull of a advancing ship.

The flow will slow down at both ends of the hull and accelerate in the middle and the variation is shown as red line in Fig 2 .1. It also leads that the pressure will be greater than average at bow and stern locations and lower than average in the middle and which can be seen in Fig 2 .1 as green line. Therefore, following Bernoulli's equation, it can be obtained that the wave elevation coincides with the pressure distribution, with the wave peaks appearing at the bow and stern of the hull and long trough forming in the middle as blue line in Fig 2 .1. The wave height is quadratically related to the velocity, while the wavelength corresponds to the ship length. This is the so-called primary wave system. The secondary wave system, also known as the Kelvin wave system, consists of transverse and divergent waves. The frequency characteristic of the secondary wave system is a shorter period of 2 s < T SP (secondary wave period) < 10 s, which has variations in shape, usually found at the bow and stern of the ship:

The ship-induced waves in coordinate (x ′ , y ′ ) advancing a distance x ′ 0 in the direction of x ′ with the group velocity v g in the time t 1 is shown as:

x ′ 1 t 1 = v g = dω dk w (2.4)
Integrating Eq 2.4 over k w gives:

k w x ′ 1 -ωt 1 = const (2.5)
Using the moving ship coordinate system X 1 , Y 1 to represent x ′ 1 , and combining it with Eq 2.3 and the stationary waves condition k w V t 1 cos θ -ωt 1 = 0 can be obtained:

g V 2 cos 2 θ (X 1 cos θ + Y 1 sin θ) = const (2.6)
The only variable is the direction of wave propagation θ. Deriving it yields:

d dθ X 1 cos θ + Y 1 sin θ cos 2 θ = 0 with -π/2 ≤ θ ≤ π/2 (2.7)
solving the Eq 2.7 we can obtain:

Y 1 X 1 = - cos θ sin θ 1 + sin 2 θ (2.8)
The relationship between the ratio Y 1 X 1 and θ can be described in Fig 2 .3. Where the half-angle of the Kelvin wedge α is defined by:

tan α = max Y 1 X 1 (2.9)
As shown in Fig 2 .3, the values of α and θ are 19. When a ship is traveling through water, the water body always produces a force that is opposite to the movement of the ship. This force arises from the obstruction of motions by water and is referred as "Total hull resistance" or "Total resistance" (R T ). Ship resistance is also equal to the power required by the ship to advance at a constant speed in calm water. It is very important to have a comprehensive understanding of ship resistance, including the influencing factors such as ship velocity, hull shape, water depth and waterway channel width, etc. The numerical relationship between the ship's resistance and the power required to overcome that resistance to bring the ship to a certain advance velocity is as follows:

P e = R T V (2.13)
where P e is the effective power, R T is the total ship resistance and V is the ship's velocity.

The total resistance is made up of various components, although these components are caused by different factors and which may interact with each other and most of them cannot be measured individually (Figure 2.5). Disregarding the effects of air resistance, weather and other factors, it can be obtained:

R T = R F + R P = R W + R V (2.14) C F = 0.075 (log 10 Re -2) 2
(2.15)

Hughes (1963) gave the variant formula based on Eq 2.15:

C F = 0.066 (log 10 Re -2.03) 2 (2.16)

• Pressure resistance

The pressure resistance R P represents the sum of the pressures forces P acting on each unit area of the hull surface. R P mainly originates from the wave resistance R W and also includes the normal component of the viscous resistance R P V . It is expressed as:

R P = R W + R P V (2.17) 
On the other hand, the energy dissipation methods will lead to another decomposition approach of R T .

• Viscous resistance

The viscous resistance R V represents the energy dissipated by the vortex, the vorticity and turbulence in the turbulent flow and which is composed of frictional resistance R F and viscous pressure resistance R P V .

R V = R F + R P V = R F + K • R F (2.18)
The form factor K illustrates the effect of hull configuration on R V and given by Watanabe (1986):

K = R P V /R F = -0.095 + 25.6 • C b (L pp /B s ) 2 • B s /T a (2.19)
or given by Alte and Baur (1986) [START_REF] Alte | Propulsion. handbuch der werften[END_REF]:

K = R P V /R F = 14 • ∇ s /L 3 wl • (B s /T a ) (2.20)
where C b is the block coefficient, L wl is the waterline length, B s is the ship width and T a is the average ship draught.

• Wave resistance

The wave resistance R W comes from the energy required by the wave system generated by the ship in viscous waters.

In the beginning, J. H. Michell's prediction of ship wave resistance [START_REF] Michell | XI. The wave-resistance of a ship[END_REF] was given by purely analytical methods through the introduction of thin ship theory:

R W = 4 π ρV 2 α 2 ∞ 1 θ 2 √ θ 2 -1 |A(θ)| 2 dθ (2.21)
where

A(θ) = -iαθ Sw e αθ 2 z+iαθx f (x, z)dz dx (2.22)
and V is the ship speed, ρ is the water density, α = g/V 2 , f (x, z) represents halfwidth of ship and (x, z) are longitudinal and vertical coordinates respectively. S w describes the wetted area of hull.

Holtrop & Mennen [START_REF] Holtrop | An approximate power prediction method[END_REF] also developed another formula of the ship wave resistance prediction:

R W = χV s ρg exp a 1 F -0.9 r + a 2 cos σF -2 r (2.23)
where V s is the displacement volume moulded, F r is the ship length Froude.

The parameters χ, a 1 , a 2 and σ are given by [START_REF] Holtrop | An approximate power prediction method[END_REF]:

χ = f [B s , L wl , T a , T f , S t , S BT , h B , C ms , i HE ] (2.24) a 1 = f [B s , L wl , T a , V s , C p ]
(2.25)

a 2 = f [L wl , V s , C p , F r ] (2.26) σ = f [B s , L wl , C p ] (2.27)
where B s is the ship width, L wl is the waterline length, T a is the average draft, T f is the forward ship draft, S t represents the immersed part of the transverse area of the transom at zero speed, h B describes the location of the center of the transverse area S BT , C ms is the midship section coefficient and i HE is the half entrance angle. C p is a coefficient based on the waterline length L wl .

A typical resistance curve with component R V , R W and air resistance can be found in Figure 2.6. The blue line represents the R T and the curve is not linear with a steeper increase at high velocity regime. The viscous resistance is related to red line and which is determined by the combination of viscosity, ship speed and wetted surface area S w . The variation of viscous resistance with respect to ship speed is close to an exponential increase. Wave resistance, as shown in green area, is induced by the ship-generated waves. Ship appearance, beam to length ratio of immersion area and vessel speed, etc. are the main influencing factors.

A small trough or bump can be observed in curves of R T and R W , and this is a phenomenon common to nearly all ship resistance curves. The principle is because the wave system alongside the hull will form a trough at the stern when ship advancing with various velocities, but since the wavelength changes with ship speed (λ = 2πV 2 g , where λ is wavelength and V is ship speed), it will form a crest at the stern under certain speed conditions. These crests and troughs can either partially inhibit the wake system or partially enhance the wake system, resulting in higher resistance at certain speeds due to interference. Therefore, the trough or bump that shown in Fig 2 .6 is created and the position of bumps is a function of vessel length and speed. Considering the economic and environmental benefits, the velocity in which 'trough' occurs is undoubtedly more fuel-efficient and a better ronment on the potential flow around the hull. When the channel depth decreases to a certain level, the water flow through the area between the ship bottom and the riverbed is accelerated, which accordingly also leads to a decrease in pressure in this area and further increases the squatting (as shown in 2.3.2) and viscous resistance.

The squat phenomenon can also enhance the frictional resistance by increasing the ship wetted surface area. When the width of the waterway channel is restricted, these effects will be further exaggerated. Another influencing factor comes from the change of the ship-induced wave patterns in the restricted environment (as shown in Section 2.2), which has the influence on the wave resistance R W . Open regime means that the width and depth of the waters are large enough for the size of the ship to not have a limiting effect on it and which has been introduced in detail as shown in Section 2.3.1.1.

• Shallow regime

Shallow water means that the lateral width is large enough and only the bottom region with limited depth is subject to hydrodynamic variations. The key parameter is h/T (Table . 2.1) and the curve as shown in Fig 2 .7 with red line describe a single peak variation. Near the critical speed, the ship motions are unsteady. The range 0.90 < F r h < 1.1 is also defined as the trans-critical region. When the F r h enters the trans-critical region, the R T rises rapidly and reaches a maximum at the critical speed (F r h = 1), then it falls sharply after passing the critical value. The R T begins to gradually resume rising after F r h exceeds the trans-critical region.

• Confined regime

In confined waterways where the width is also limited, the block ratio

m b = A s /A c
and W f /B dominates the resistance variation. The hydraulic effect will also appear and the curve as shown in Fig 2 .7 with green line denotes two peaks with a subcritical in Eq 2.40 and a supercritical in Eq 2.41 speed [START_REF] Pompée | About modelling inland vessels resistance and propulsion and interaction vessel-waterway key parameters driving restricted/shallow water effects[END_REF][START_REF] Constantine | On the movement of ships in restricted waterways[END_REF] and the derivation process is as follows:

Continuity conditions:

Q c = V s A c = A w (V s + u) ≈ (A c -A s -zW f ) (V s + u) (2.28)
where Q c denotes water flow in the cross section, z describes the water level depression and A w ≈ A c -A s -zW f . V s and u are the velocity of ship and return current, respectively.

By using Bernoulli's equation:

1 2 ρV s 2 = γ 2 ρ(V s + u) 2 -ρgz or V s 2g γ A c A w 2 -1 = z (2.29)
Eliminating (V s + u) from Eqs 2.28 and 2.29 gives:

(u + V s ) = 1 γ V s 2 + 2gz 1 2 = V s 1 γ 1 + 2 z/h a F r ha 2 1 2 = V s A c (A c -A s -zW f ) = V s (1 -m b -z/h a ) 1 -m b - z h a - 1 γ 1 + 2 z/h a F r ha 2 -1 2 = 0 (2.30)
Applying the critical velocity V c to Eq 2.28 gives:

z h a = 1 3 1 -m b -Fr 2 c (2.31)
where Fr c = V c / (gh) is the critical Froude number.

• Step 1: eliminating z/h a from Eqs 2.30 and 2.31 leads to the nonlinear Schijf's equation: 

1 -m b + 1 2 Fr 2 c - 3 2 α 1/3
(V s + u) V s 3 - 1 2 Fr 2 ha + 1 -m b (V s + u) V s + 1 = 0 (2.33)
• Step 3: by assuming:

x = Fr 2/3 c P = -3γ 1/3 Q = 2(1 -m b ) and y = (Vs+u) Vs q = 2 γF r 2 ha p = -1 γ 1 + 2(1-m b ) F r 2 ha = -1 γ (1 + γq(1 -m b ))
The Eqs 2.32 and 2.33 can be transformed into 3rd degree equations as [START_REF] Pompée | About modelling inland vessels resistance and propulsion and interaction vessel-waterway key parameters driving restricted/shallow water effects[END_REF]:

x 3 + P x + Q = 0
(2.34)

y 3 + py + q = 0 (2.35)
which can be solved under the conditions:

δ = -27Q 2 + 4P 3 ≥ 0 (2.36) δ ′ = -27q 2 + 4p 3 ≥ 0 (2.37)
• Step 4: the values of Fr c are the solutions of Eq 2.35 and 2.34. Therefore, the Eq 2.33 can be solved in the following cases:

Subcritical Fr ha ≤ Fr sub h = γ 1/4 2 sin Arcsin((1 -m b )/ √ γ) 3 3/2 (2.38) Supercritical Fr ha ≥ Fr super h = γ 1/4 2 sin π -Arcsin((1 -m b )/ √ γ) 3 3/2 (2.39)
γ is an empirical 'safety factor' and usually its value is 1 in ship-related studies.

Thus it is obtained that:

Subcritical Fr sub h = 2sin Arcsin(1 -m b ) 3 3/2 (2.40) Supercritical Fr super h = 2sin π -Arcsin(1 -m b ) 3 3/2
(2.41) methods, which show good agreement at low speed conditions. Barrass' empirical formula [START_REF] Barrass | Ship stability for masters and mates[END_REF] for ship squat prediction is currently one of the more widely used:

• In the open water environment:

Maximum squat = C b × V 2 k 100 (2.42)
where C b represents the block coefficient and V k is the speed of the ship relative to the water.

• In the restricted waterway with blockage ratio m b = A c /A s is between 3.78 and 10:

Maximum squat = C b × V 2 k 50 (2.43)
Many researchers have also contributed to the development of empirical and analytical approaches for the squat prediction and which can be seen in [START_REF] Serban | Comparison between formulas of maximum ship squat[END_REF][START_REF] Švetak | Ship squat[END_REF][START_REF] Duffy | Modelling of ship-bank interaction and ship squat for shiphandling simulation[END_REF][START_REF] Gourlay | Mathematical and computational techniques for predicting the squat of ships[END_REF][START_REF] Millward | A review of the prediction of squat in shallow water[END_REF][START_REF] Varyani | Squat effects on high speed craft in restricted waterways[END_REF]. Yun et al. [START_REF] Yun | Experimental study of ship squat for KCS in shallow water[END_REF] applied a visual ship motion measurement system in the HPMM tests to study ship squat phenomenon in shallow water environment. Three different depth parameters were combined with different ship speed, rudder angle and drift angle conditions and found that increasing ship speed and ship drift angle and decreasing depth enhanced the squatting effect, while rudder angle had no influence.

However, due to the difficulties of experimental research, their results have certain limitations. Compared with this, the research method of numerical simulation can undoubtedly obtain more comprehensive and accurate research results. Potential flow simulations can be found in [START_REF] Gourlay | Application of potential flow methods to ship squat in different canal widths[END_REF][START_REF] Gourlay | Slender-body methods for predicting ship squat[END_REF][START_REF] Gourlay | Mathematical and computational techniques for predicting the squat of ships[END_REF][START_REF] Yuan | Investigation of ship-bank, ship-bottom and ship-ship interactions by using potential flow method[END_REF][START_REF] Duffy | Modelling of ship-bank interaction and ship squat for shiphandling simulation[END_REF][START_REF] Yao | Calculation of ship squat in restricted waterways by using a 3D panel method[END_REF].

CFD method is currently the most popular numerical simulation method in the field of ship squat investigations. He et al. [START_REF] He | Numerical simulation of the ship bottom interaction of DTC container carrier for different keel clearance in pure sway motion[END_REF] combined the overset technique with the 3DOF model to numerical investigate the sinkage and trim behavior of the DTC model under the same conditions as the experiment, and the simulation results were in good agreement with the experiment.

Tezdogan et al. [START_REF] Tezdogan | A numerical investigation of the squat and resistance of ships advancing through a canal using CFD[END_REF] used fully nonlinear unsteady RANS numerical methods to simulate the squatt and resistance of the DTC model in a canal channel under different ship drafts and different speed conditions. In addition, [START_REF] Carrica | Computations of self-propulsion free to sink and trim and of motions in head waves of the KRISO Container Ship (KCS) model[END_REF][START_REF] Jachowski | Assessment of ship squat in shallow water using CFD[END_REF][START_REF] Mucha | Validation studies on numerical prediction of ship squat and resistance in shallow water[END_REF][START_REF] Mucha | PreSquat-Workshop on numerical prediction of ship squat in restricted waters[END_REF][START_REF] Terziev | Numerical investigation of the behaviour and performance of ships advancing through restricted shallow waters[END_REF] have also conducted simulations and investigations on the ship squat behaviour with CFD method.

Inland waterway erosion process

Due to the over-exploitation and utilization of natural water regions by human beings, the rivers that used as waterways have been greatly disturbed and destroyed.

In particular, ship wave state in a confined waterway channel is more complex and has a continuous interaction with the channel because it is determined by both the hydrodynamic field around the ship and the channel topography and its boundary conditions, so it may cause continuous erosion of river channels and banks, whether 

Influence of ship waves on river bank erosion

As more and more rivers need to take on the role of shipping and the size and load of transport vessels are getting bigger and bigger, ship waves are becoming an important incentive of bank erosion and ecological disturbance in waterway areas( [START_REF] Bernard | Estimating Boat-Wake-Induced Levee Erosion using Sediment Suspension Measurements[END_REF][START_REF] Duró | Bank erosion processes in regulated navigable rivers[END_REF][START_REF] Blaauw | Erosion of bottom and sloping banks caused by the screw race of manoeuvring ships[END_REF][START_REF] Jia | Three-dimensional modeling of bank erosion and morphological changes in the Shishou bend of the middle Yangtze River[END_REF][START_REF] Khanh | Numerical Study of Propagation of Ship Waves on a Sloping Coast[END_REF][START_REF] Mcconchie | Boat wakes as a cause of riverbank erosion: a case study from the Waikato River, New Zealand[END_REF]).

The most frequent and serious interactions between ship-induced waves and waterway bank are undoubtedly in the restricted waterway channels. As shown in Fig 2 .11, the water surface elevation with a few centimeters occurring in front of the ship is called the piston effect, while the accelerated displacement flow towards the stern and alongside the hull is the return flow, which simultaneously triggers the depression of the water level at the hull location.

Waves and currents induced by ships with various size, velocity, loading, and traveling distances from the bank will have a variety of effects on the river bank ( [START_REF] Kang | Wave-current interaction with a vertical square cylinder at different Reynolds numbers[END_REF]).

Longitudinal impact force and lateral shear stress will cause important load intensity, sediment loss and deformation on the river bank. These phenomenons will damage the ecological vegetation of the river bank and aggravate the erosion effect.

Comprehending the potential driving factors of ship-induced wave transitions and the influences that acting on waterway banks can provide effective supports for the development of inland water transportation. Maynord et al. [START_REF] Maynord | Boat-wave-induced bank erosion on the Kenai River, Alaska[END_REF] applied approaches of a delineation of ship wave characteristics along the study watershed as well as geomorphic and waterway slopes stability evaluations to investigate the relative contributions of ship-wake-generated bank erosion processes to total bank shoreline degradation along the Kenai River.

Bernard et al. [START_REF] Bernard | Estimating Boat-Wake-Induced Levee Erosion using Sediment Suspension Measurements[END_REF] developed two independent analytical methods of linear erosion based on colocated suspended sediment concentration and velocity time series to estimate vessel-induced wake erosion appearances. Nanson et al. [START_REF] Nanson | Experimental measurements of river-bank erosion caused by boat-generated waves on the gordon river, Tasmania[END_REF] carried out experiments to study the relationship between the river bank erosion rates and easily measured ship-induced wave characteristics.

Luca Zaggia et al. [START_REF] Zaggia | Fast shoreline erosion induced by ship wakes in a coastal lagoon: Field evidence and remote sensing analysis[END_REF] conducted an investigation based on in-situ surveys combined with remote sensing and GIS analysis to reveal the relation between boat wakes and the speed of shoreline regression. C. Houser [START_REF] Houser | Relative importance of vessel-generated and wind waves to salt marsh erosion in a restricted fetch environment[END_REF] completed an instrumented field study to examine the relative importance of wind-generated and vesselgenerated waves to salt marsh erosion process. J. Rapaglia et al. [START_REF] Rapaglia | Ship-wake induced sediment remobilization: Effects and proposed management strategies for the Venice Lagoon[END_REF] illustrated the impacts of ship induced depression waves and discusses management options for mitigating those impacts, based on extensive observational data and analysis conducted in Venice Lagoon, Italy.

Most inland waterways in their natural state are composed of cohesive sediments and particles, so the additional shear stress from ship-induced waves tends to break the dynamic equilibrium of the dynamic equilibrium of the waterway slopes, which leads to bank erosion. Therefore, many researchers have been working on the investigations and analysis of critical shear stress (τ c ), providing prediction formulas based on various parameters. Smerdon and Beasley [START_REF] Smerdon | Critical tractive forces in cohesive soils[END_REF] reported the influences from plasticity index P I and clay percentage P c :

τ c = 0.163P I 0.84 (2.44) τ c = 0.493 * 10 0.0182Pc (2.45)
Mitchener and Torfs [START_REF] Mitchener | Erosion of mud/sand mixtures[END_REF] developed a numerical relation between τ c and sediment density ρ s :

τ c = 0.15 (ρ s -1000) 0.73 (2.46)
Julian and Torres [START_REF] Julian | Hydraulic erosion of cohesive riverbanks[END_REF] presented an equation with τ c and clay-silt fraction F CS :

τ c = 0.1 + 0.1779F CS + 0.0028F 2 CS -2.34 * 10 -5 F 3 CS (2.47)
Thorn and Parsons [START_REF] Thorn | Erosion of cohesive sediments in estuaries: an engineering guide[END_REF] obtained numerical relationship between τ c and dry density required for the protective layer of the waterway:

D 50 h = 0.02(1 + z) -0.3 (1 + sin θ ′ ) -0.3 F r -0.3 (G s -1) 0.3 λ -0.5 (2.49)
where h is the water depth, z = cotα denotes the waterway bank slope and α is the bank slope angle, θ ′ is the wave obliquity, G s = ρ s /ρ represents the ratio between the armor unit density ρ s and the water density ρ. λ is a non-dimensional wave parameter and which is defined as follows:

λ = CT H = gT 2 2πH tanh 2π h L (2.50)
thesis. The most versatile and sophisticated methodologies for each direction of research were presented, providing solid theoretical and engineering support for laying the foundation of the research content of the thesis.

Chapter 3

Hydrodynamics and behavior of a ship in restricted waterway

Introduction

When ships enter the restricted waters, the water flow interacts with the ships and channels. Compared with the performance in deep open-waters, the hydrodynamic and general behavior of the ship has changed significantly ( [START_REF] Du | Hydrodynamics prediction of a ship in static and dynamic states[END_REF][START_REF] Fossen | Handbook of marine craft hydrodynamics and motion control[END_REF][START_REF] Hermans | Water Waves and Ship Hydrodynamics[END_REF][START_REF] Huang | Numerical prediction of the hydrodynamics and behaviour of a ship in restricted water[END_REF]). Specifically, the wave elevations deform, and at the same time, the squat phenomenon and forward resistance of the ship clearly increase. Due to the larger and faster modern ships, the investigation of ships' safe navigation in restricted waters is even more important. This thesis uses a three-dimensional numerical simulation method based on OpenFOAM to comprehensively analyze and predict the hydrodynamic performance and general behavior of a ship in restricted water.

In this chapter, the mainstream numerical simulation method, the finite volume method (FVM) and the framework of the numerical solver based on the Open-FOAM, including the multiphase models, turbulence models, finite volume discretization and solid body motion approach are also introduced in detail.

The environmental effects on ships' hydrodynamics and behavior are simulated and analyzed.

The following aspects are emphasized and investigated:

• The URANS equations with multiphase and turbulence models are presented;

• The finite volume discretization procedure is explained;

• The commonly-used mesh motion approach, deforming mesh is introduced with the 6DoF motion models;

• The wave elevation contours and drawdowns for various restricted waterway;

• The pressure, velocity and turbulence contours for various restricted waterway;

• Advancing resistance, sinkage and trim for various restricted waterway;

• Investigation on the influence of various ship's drafts in restricted waterway.

Unsteady Reynolds-Averaged Navier-Stokes equations (URANS)

For ship-related simulations, the fluid is governed by the laws of physical conservation, and the basic conservation laws include: the conservations of mass, momentum and energy. Governing equations are the mathematical description of these conservation laws. The energy E of fluid is the sum of internal energy, kinetic energy and potential energy. But for the incompressible flow, the heat exchange is so small that it can be ignored, the energy conservation equation can be ignored.

The continuity equation is:

∂ρ ∂t + ∇ • (ρu) = 0 (3.1)
where ∇ is the differential operator Hamiltonian ( ∂ ∂x , ∂ ∂y , ∂ ∂z ) and u is fluid velocity vector.

The momentum equation is derived from the principle of conservation of momentum and represents the rate of change on the control volume equal to the net momentum flow through the surface of the control volume plus the forces acting on the volume:

∂(ρu) ∂t + ∇ • (ρuu) = ∇ • σ + S u (3.2)
where ρ is the fluid density, S u represents the source terms and σ is the Cauchy stress tensor and which can be decomposed into the deviatoric stress tensor (or viscous stress tensor) τ and the normal stress tensor -pI, where p is the pressure and I is identity matrix:

σ = -pI + τ (3.3)
In the case of a Newtonian fluid, the viscous stress tensor is proportional to the fluid deformation rate and the equations are as follow:

τ = 2µD - 2 3 (∇ • u)I (3.4) 
D = 1 2 [∇u + (∇u) T ] (3.5)
where µ is the dynamic viscosity and the superscript T indicates the transposition of the matrix. Inserting Eqs 3.3, 3.4 and 3.5 into Eq 3.2, the momentum equation becomes:

∂(ρu) ∂t + ∇ • (ρuu) = -∇p + ∇ • (µ∇u) + S u (3.6)
The Reynolds decomposition is usually applied to statistically average the governing equations in NS Eqs. 

∂ρ ∂t + ∇ • (ρU) = 0 (3.7) ∂ρU ∂t + ∇ • [ρ (U -U g ) U] = -∇p rgh + g • x∇ρ + ∇ • (µ ef f ∇U) + f σ (3.8)
where U is the fluid velocity, ρ is the fluid density. U g is the grid velocity considering the mesh motion. p rgh = p -ρg • x represents a modified pressure defined in OpenFOAM, where x is the position vector, g is the gravity acceleration.

µ ef f = ρ (ν + ν t ) stands for the effective dynamic viscosity, where ν and ν t are the kinematic and eddy viscosities respectively. ν t is obtained from a specific turbulence model.

f σ is the surface tension term defined by:

f σ = σκ∇α p (3.9)
where σ is the surface tension coefficient (0.07 kg/s 2 in water), κ is the curvature of the free surface interface and which is obtained by the volume of fraction by

κ = -∇ • (∇α p /|∇α p |)

Multiphase model

The wave modeling in this work is based on a two-phase model (Fluid-air), where each cell of the computational mesh at the two-phase contact is separated into two unequal parts by applying the VOF (Volume-of-fluid) approach, and the split ratio is determined by the volume fraction. The transport equation is as follows ( [START_REF] Rusche | Computational fluid dynamics of dispersed two-phase flows at high phase fractions[END_REF]):

∂α p ∂t + ∇ • [α p (U e -U g )] + ∇ • [α p (1 -α p ) U r ] = 0 (3.10)
where 0 ≤ α p ≤ 1 represents the phase fraction in the simulation domain. The two ends of the interval, α p = 0 and α p = 1, describe the independent air and liquid phases, correspondingly. And the physical interface between the two phases is given between the interval 0 and 1. U e = α p U l + (1 -α p ) U a and U r = U l -U a verify the effective velocity and the relative velocity between liquid. The subscripts 'l' denotes the liquid phase and 'a' denotes the air phase. The density ρ and dynamic viscosity µ are calculated according to the following equations:

ρ = α p ρ l + (1 -α p ) ρ a (3.11) µ = α p µ l + (1 -α p ) µ a (3.12)

Turbulence models

A variety of turbulence models are implemented and available in OpenFoam, including Reynolds-averaged simulation (RANS), LES, DNS or detached-eddy simulation (DES) models.

DNS model

A direct numerical simulation, or DNS in short, is a simulation procedure in CFD to directly numerically solve the Navier-Stokes equations without considering the turbulence model. Therefore, this model needs to solve the extensive range of temporal and spatial scales of turbulence, up to the integral scale L and down to the smallest dissipative scales (Kolmogorov microscales, as shown in Eq. 3.13).

The Kolmogorov scale, η, is obtained by:

η = v 3 /ε 1/4 (3. 13 
)
where v is the kinematic viscosity and ε is the rate of kinetic energy dissipation.

When the mesh resolution and time steps approximate the cube of the Reynolds number, it can be expected that complex fluid structures can be solved correctly.

Therefore, for the Reynolds number required in most industrial applications, the computing resources required by the DNS method cannot be effectively resolved under the existing technical conditions. However, because the DNS model can accu-rately carry out "numerical experiments" and extract information that is difficult or impossible to obtain in the laboratory, the model is mostly used in the fundamental research of turbulence physics.

In engineering applications, the procedure of average or integral quantities like forces on a body or mass flow rate through a channel will be the more popular method.

LES and DES models

Large-eddy simulation require a lower computational cost compared to DNS when simulating unsteady flow and is a very promising numerical method for the turbulence related investigation.

LES can apply low-pass filtering of the Navier-Stokes equations to filter out the small-scale (sub-grid scale (SGS)) turbulent motions for modeling, while the largescale motions (large eddies) of the turbulent flow are directly calculated. The large eddies contain most of the turbulent energy and are responsible for most of the momentum transfer and turbulent mixing, and LES captures these eddies in full detail directly. LES model will be used to solve turbulence problems in the CFD-DEM simulations in this thesis.

Detached eddy simulation (DES) is a hybrid approach that uses LES modeling away from the walls and RANS modelling near the wall. The DES approach can help to overcome some of the limitations of the RANS models and also significantly reduce the cost of LES. However, Grid generation is more complicated than for a simple RANS or LES case due to the RANS-LES switch.

RANS model

The Reynolds-averaged Navier-Stokes equations (or RANS equations) are ensembleaveraged in flows with time-dependent boundary conditions. The Reynolds decomposition decomposes an instantaneous quantity into its time-averaged and fluctuat-ing quantities, which is the core idea of the RANS method and was first proposed by Osborne Reynolds. Extra terms appear in the time-averaged (or Reynolds-averaged) flow equations due to the interactions between various turbulent fluctuations. These extra terms are modeled with classical turbulence models as shown in Table . 3.1 (1) κ is the turbulent kinetic energy and indicates a transported variable;

(2) Another transport variable is the dissipation rate of turbulent kinetic energy (ε).

The κ -ε model is more suitable for solving free-shear layer flows with relatively small pressure gradients. So that the κ-ε model is ideal for predicting flow behavior in the distant wall region.

In CFD, the κ -ω turbulence model is also two equations model.

(1) The turbulent kinetic energy κ is still the first transport variable;

(2) The second transported variable is the specific rate of dissipation of turbulent kinetic energy (ω).

The κ -ω turbulence model is well suited for simulating flow in the viscous sublayer.

The SST κ -ω turbulence model is a two-equation eddy-viscosity model which has become very popular. The shear stress transport (SST) formulation is a hybrid model combining the κ -ω and κ -ε models and it includes the best parts of two models.

Then uses a κ -ω formulation in the interior of the boundary layer allowing the model to be used directly through the viscous sub-layer all the way to the wall, while switching to the κ -ε mode in the free-stream thus avoiding the common κ -ω problem of the model being too sensitive to the turbulent properties of the inlet free-stream.

Thus the working process of the SST κ -ω model consists of calculating these three parameters: the initial values of the turbulent kinetic energy κ i , the turbulent dissipation ε i and ω i ( [START_REF] Du | Hydrodynamics prediction of a ship in static and dynamic states[END_REF]):

κ i = 3 2 (UI i ) 2 (3.14) ω i = κ i ν ν i ν -1 (3.15) 
and

ε i = C µ ρκ 2 i µ µ i µ -1 (3.16) 
where U is the mean flow velocity and I i is the turbulence intensity with a default value 1%, the eddy viscosity ratio ν i ν , µ i µ are taken to be 1 and the turbulence constant C µ owns a default value as 0.09. Since this method switches between two different formulas for calculation inside the boundary layer and in the free-stream, it is necessary to give the dimensionless wall distance and which should be controlled within the range of 30 ≤ y + ≤ 200.

Numerical discretization

Introduction

In the present numerical investigations, we used the OpenFOAM solver based on the Finite Volume Method (FVM), it is worth nothing that FVM method is one of the most popular methods for CFD which has been widely used in ship-related simulations. It consist on diving the computational domain into meshes and make a non-overlapping control volume around each vertex. The partial differential equation to be solved is integrated over each control volume, resulting in a set of discrete equations where the unknowns are the dependent variables φ at the vertexes, which is the discretization of the geometric domain. In addition, the physical significance of each coefficient of the discrete equation is clear, and these advantages make it the most preferred choice in CFD field. Another important property of the FVM is that it is well compatible with unstructured meshes and this also meets the requirements of this work when studying the ship squat behavior.

Discretization of Spatial and Temporal Terms

A key step in the finite volume method is to discretize the control equations on the CV into a discrete set of equations on the CV nodes. The conservation equation for a general scalar variable φ can be expressed as ( [START_REF] Jasak | Error analysis and estimation for the finite volume method with applications to fluid flows[END_REF]):

∂ρφ ∂t temporal derivative + ∇ • (ρUφ) convection term -∇ • (ρΓ φ ∇φ) diffusion term = S φ (φ) source term (3.17)
Follow the requirements from FVM, Eq 3.17 is transformed into integral form over the control volume V P around the point P :

The diffusion term will be discretized in a similar way and which is as follows:

V P ∇ • (ρΓ φ ∇φ) dV = f S • (ρΓ φ ∇φ) f = f (ρΓ φ ) f S • (∇φ) f . (3.21)
where

S • (∇φ) f = |∆| φ N -φ P | d| + k • (∇φ) f (3.22)
with S = ∆ + k.

-Source term:

The original equation excluding convection, diffusion or temporal terms are all source terms:

V P S φ (φ)dV = S u V P + S p V P φ P (3.23)
S u and S p are the coefficients obtained from the linearization that applied for the source term.

-Temporal term discretization:

The temporal integrals and the time derivative are as follows:

∂ρφ ∂t P = ρ n P φ n P -ρ o P φ o P ∆t (3.24) t+∆t t φ(t)dt = 1 2 (φ o + φ n ) ∆t (3.25)
where the superscripts 'n' and 'o' denote the new and old time values respectively.

φ n = φ(t + ∆t) and φ o = φ(t).

Applying Eqs 3.19, 3.21, 3.23 and 3.24 into Eq 3.18, and assuming that the control volumes do not change in time. The semi-discretized momentum equation is obtained as:

                   J φ b • S b = J φ,C b • S b = (ρuφ) b • S b = F luxC b φ C + F luxU b = (ρ b u b • S b ) φ b = ṁf φ b, fixed (3.28) 
Therefore

     Flux C b = 0 Flux U b = ṁf φ b, fixed (3.29) 
• Fixed Gradient Condition (Neumann Boundary Condition)

As shown in Fig 3 .2 (b) the boundary face of element C can be physically represented as a wall with a fixed quantity φ and which is as follows:

         J φ b • S b = J φ b • n b fixed flux S b = q b, fixed S b (3.30)
where q b, fixed S b is the flux per unit area.

Thus      Flux C b = 0 Flux U b = q b, fixed S b (3.31)

Dynamic mesh process

The function φ is defined per unit mass in the governing equations of the dynamic mesh. In FVM, φ is deduced from the integral over an arbitrary moving volume V bounded by a closed surface S ( [START_REF] Jasak | Dynamic mesh handling in OpenFOAM applied to fluid-structure interaction simulations[END_REF]):

d dt V ρφdV + S ρn • (u -u g ) φdS - S ρΓ φ n • ∇φdS = V s φ dV (3.32)
where ρ is the density, n is the outward unit normal vector to the boundary surface, Γ φ is the diffusion coefficient and s φ is the volume source/sink of φ. u and u g are the velocity of fluid and mesh respectively, which can be deduced by the space conservation law:

∂ ∂t V dV - S n • u g dS = 0 (3.33) 
We note that the dynamic mesh techniques include sliding mesh technique, mesh deformation technique, Immersed Boundary Method (IBM) and overset, etc. In this work, the mesh deformation method is adopted and is combined with the 6

Degrees of Freedom (6DoF) model to investigate the squatting behavior of ships in the restricted waterway.

Deforming mesh

When studying the movement of ships, specifically the squat phenomena, particular attention must be paid to the analysis of mesh deformation and also to remeshing techniques, on one hand to avoid numerical instabilities, and to the other side to avoid large tedious calculations.

We note that in the FVM algorithm, the deforming mesh techniques are applied to diffuse the motions of the solid body into the surrounding meshes and preserve the mesh connectivity (meaning no topological changes), thus maintaining the mesh quality. This method is therefore the classical method to accommodate body motions in the computational domain and is well suited for simulating the trim and sinkage behavior of ships.

Thus, in the OpenFOAM solver, mesh deformation techniques use the solving of the Laplacian equation to diffuse the body displacement into the domain ( [START_REF] Davidson | Dynamic mesh motion in OpenFOAM for wave energy converter simulation[END_REF]):

∇ • (Γ∇u) = 0 (3.34)
where Γ is the diffusivity coefficient which can control the mesh quality during mesh deformation; u is the velocity of the moving boundary which can be replaced by d g or u g to represent the grid displacement and grid velocity, respectively. The rotation or displacement of the rigid body will cause the deformation of each individual CV around it, while the sum of the volume of all CV in the domain remains unchanged during the whole simulation process.

In the implementation of OpenFOAM, by applying the inner and outer distance parameters to control the diffusion and deformation area. The mesh deformation is allowed to exist only in the range between these two distances, and the rest of the mesh remains unchanged, as depicted in Fig 3 .3.

In this work, the ship model will be placed in the inner circle and the mesh around the ship participating in the deformation will be between the inner and outer radii.

• M BS the inertia matrix of the ship and which is given by:

M RB =                 m 0 0 0 mz G -my G 0 m 0 -mz G 0 mx G 0 0 m my G -mx G 0 0 -mz G my G I x -I xy -I xz mz G 0 -mx G -I yx I y I yz -my G mx G 0 -I zx -I zy I z                 6×6 (3.36)
where the subscript G expresses the gap between the center of rotation and the center of gravity of a ship. I x , I y and I z denotes the moments of inertia.

• v is the vector of ship linear and angular velocities:

v = u v ω p q r T (3.37) 
where u, v and w are the surge, sway and heave velocities and p,q and r presents the roll, pitch and yaw angular velocities in the ship rotations.

• v is the vector of the acceleration components of the ship.

• C BS (v) is a matrix of non-linear terms caused by the Coriolis effect and centrifugal forces:

C BS (v) =                 0 0 0 0 0 0 0 0 0 -m (y G q + z G r) m (y G p + ω) m (z G p -v) m (x G q -ω) -m (z G r + x G p) m (z G q + u) m (x G r + v) m (y G r -u) -m (x G p + y G q) m (y G q + z G r) -m (x G q -ω) -m (x G r + v) -m (y G p + ω) m (z G r + x G p) -m (y G r -u) -m (z G p -v) -m (z G q + u) m (x G p + y G q) 0 -I yz -I xz p + I z r I yz r + I xy p -I y q I yz q + I xz p -I z r 0 -I xz r -I xy q -I x p -I yz r -I xy p + I y q I xz r + I xy q + I x p 0                 6×6 (3.38)
• ζ are damping coefficients resulting from friction on the hull.

• τ BS is the general vector of external forces and moments:

τ BS = X Y Z K M N T (3.39)
where X, Y , Z are the surge, sway and heave forces and K, M , N are the roll, pitch and yaw moments respectively.

In this thesis, the 6DoF is combined with the deforming mesh method to investigate ship's squat phenomenon. The ship squat is divided into trim and sinkage, which correspond to the rotational degree of freedom pitch and the translational degree of freedom heave in 6DoF model, respectively. Therefore, in the OpenFOAM environment, the key motion definition parameters 'Constraints' and its type parameters 'line', 'face' and 'axis', etc. can be combined to eliminate unwanted degrees of freedom and focus on the simulation of trim and sinkage behavior. 

Channel geometry

This thesis used a trapezoidal channel and the initial size of this channel remains consistent with the size settings in the [START_REF]Etude Des Ondes de Batillage sur Modèle Physique au 1/30. Phase 3: Mise en Place de 4 Probes dans le Canal et Comparaison des Ondes de Batillage[END_REF][START_REF]Etude Des Ondes de Batillage sur Modèle Physique au 1/30. Phase 1: Exploitation des données relatives aux essais realises entre juillet et decembre 96. Compagnie National du Rhône[END_REF]. By controlling different chan- (Re) are 0.218 and 9.145 × 10 -6 . The mesh convergence of the total resistance coefficient C T was analyzed as the convergence ratio (ω c ) and order of accuracy (Q a ) and which were be calculated according to:

ω c = σ 21 c σ 32 c (3.40) Q a = ln (|σ 32 c /σ 21 c |) ln (r f ) (3.41)
where

σ 21 c = C 2 T -C 1 T and σ 32 c = C 3 T -C 2
T represent the change of total resistance coefficients. The subscripts 1, 2 and 3 denote the Case1, Case2 and Case3. The calculation results of ω c and Q a are 0.454 and 2.276. The convergence ratio (ω c ) can be used as a classification basis to determine the convergence state of meshes:

• 0 < ω c < 1 Monotonic convergence; • ω c < 0 Oscillatory convergence; • ω c > 1 Divergence.
Therefore, the meshes of simulation studies in this thesis are monotonically convergent.

Comparative verification study

CFD is becoming an important tool for simulating and understanding the derivative phenomena and problems of ship navigation, the CFD computation procedure is depicted in Fig. 3.7.

Comparisons between experimental results and numerical simulations provide an accurate indication of the effectiveness of CFD methods.

Wave elevation comparison study

A set of data is selected for comparison with experimental data in the same environment (the experimental data comes from the CNR) ( [START_REF]Etude Des Ondes de Batillage sur Modèle Physique au 1/30. Phase 3: Mise en Place de 4 Probes dans le Canal et Comparaison des Ondes de Batillage[END_REF][START_REF]Etude Des Ondes de Batillage sur Modèle Physique au 1/30. Phase 1: Exploitation des données relatives aux essais realises entre juillet et decembre 96. Compagnie National du Rhône[END_REF] 

Advancing resistance comparison study

It is desirable in CFD computations to perform a verification to evaluate the accuracy of the simulation results. In the study of [START_REF] Moctar | Duisburg Test Case: Postpanamax container ship for benchmarking[END_REF], resistance was measured at six ). C t is the total resistance coefficient and which is given in Eq 3.47.

Wave elevation analysis

For restricted inland waterway with trapezoidal cross-section, the confined conditions are mainly concentrated on the width of river surface, which is equivalent to the slope of waterway bank, and the water depth of the waterway. Therefore, by changing the magnitudes of these two parameters to analyze the modeling mechanism and changing laws of ship-induced waves in confined waterways. In the entire study of channel limitation effects, in order to control the variables, the same speed condition was applied as F r = 0.14.

Wave elevation contours

The wave elevations for various bank slopes of channel are shown in Fig. 3.10 and the size change is given in Table 3.3. It can be found that the drawdown phenomenon at the hull location increases with the increase of the channel width, and the wake wave is also strengthened. Also, with the increase of tanα, the width of the waterway decreases, which has the consequences of increasing the degree of restriction, that will lead to increased fluctuations in wave elevation. And which means that as the width of the channel gradually decreases, the degree of fluctuation of the ship waves when it is transmitted to the river bank is greater and may have a stronger effect on the waterway bank.

The wave elevation contours for various depths of channel are shown in Fig 3 .11 and the size change is given in Table 3.4. It can be seen that the shallower water corresponding to the more obvious the drawdown at the hull. And the wave elevations at three different transects with three distances from the hull for various channel depths are shown in Fig 3 .13. It can be seen that regardless of which transect, the depth of the channel significantly influences the variation in the wave elevation amplitude and as the depth of the channel gradually decreases, the degree of fluctuation of the ship wave when it is transmitted to the river bank also show enhanced effects and may also accelerate the erosion process of the waterway bank.

Drawdown process

Drawdown represents the lowering of the water elevation close to the ship hull caused by the drainage flow ( [START_REF] Bhowmik | Waves and Drawdown Generated by River Traffic on the Illinois and Mississippi Rivers[END_REF]). Wave elevation drawdown height (as shown Sorensen and Weggel ([114]) gave a function of the H max induced by ships: V b is the speed of ship, ∇ is the displacement and h is the depth of channel. This expression is written as:

H max L pp = α y s L pp ξ L pp ∇ 1 3 ξ-1 (3.42)
where α and ξ are given by:

log α = - 0.6 F r + 0.75F r -1.125 log h ∇ 1 3 + (2.6531F r -1.95) log h ∇ 1 3 2 (3.43) ξ = β h ∇ 1 3 δ (3.44)
where F r is the Froude number, β and δ are given by: In order to study the effects of the restriction degrees on the appearances of shipinduced waves, drawdowns of wave elevations for various channels (as shown in sizes of the channel have a slight impact of H max and the larger the width, the faster the drawdown of the wave decays with the increase of y s . This also verifies from the other hand that near the river bank region, the higher the degree of restriction, the stronger the effect of waves. In contrast, the influence from changing depth is more manifest. Fig 3.17 shows the results of H max for various depth of the channel.

       β = -0.225F r -0.699 ; δ = -0.118F r -0.
Increasing the depth of the channel can significantly reduce the magnitude of the drawdown H max and which also proves that the ship waves in shallow water have a significantly stronger effect on the river bank. 

Velocity contours at waterway free surface

The velocity contours with vectors and streamlines for various width of waterway channel are shown in Fig 3 .18, where the water depths are same as h T = 1.5. A high velocity zone appears at the hull and extends to the waterway bank, which corresponds to the wave elevation depression phenomenon in Fig 3 .12 that occurs in the same area. As the width of the channel increases, the lateral constraint decreases and the wave drawdown is smaller, where the high velocity area in blue decreases to a relatively low velocity range. Vectors and streamlines can show the trajectories of the fluid units passing through the hull in waterway channel and the magnitude and direction of the velocity at each position. 2 . The effects of water depths on ship-waves are more obvious than the variation due to the channel widths, which is also in line with

The ship resistance can be further divided into the frictional and pressure parts. The frictional resistance is found to be more dominant than the pressure resistance in all cases. When the shipping speed is increased, both will grow. Shipping speed is considered to be the most important factor affecting hull resistance. However, in restricted waters, due to the hydrodynamic effects of limited depth and width, it will also affect ship resistance. The cases of ships in different restricted waters are calculated to characterize their properties.

It can be seen that the influence of various width (as shown in Table . 3.3) of channel on ship's resistance coefficient in Fig. 3.27. When W f W = 1, the channel is rectangular and the C t is the smallest. With the increasing of W f W , channel is deformed into a trapezoid and which markedly increased the resistance received by the ships. It can be seen that in the trapezoidal channel, the width of the water surface becomes larger ( W f W increases), the restriction degree is reduced, and it will also reduce the total resistance of the ship (C t decreases). Which means that the width limitation will also increase the resistance received by the advancing ship. Fig. 3.28 shows that the impact of various depths of channel (as shown in Table .   3.4) on ship's resistance coefficients. With the increase of water depth, the mutual hydrodynamic interaction between the ship and the bottom of the channel is weakened, which obviously inhibits the generation of ship resistance and result in the significant reduction of ship's C t .

Numerical simulation results of sinkage and trim

The squat effect, a combination of trim and sinkage (as shown in Fig 2 .8), is the hydrodynamic phenomenon when a vessel is navigating in waterway with limited width and depth. The variations of water flow around the vessel induce a back current and depression of the water level. This phenomenon occurs when the space underneath the hull is limited, thus compressing the water flow that should be passing this area normally. In this study, the effect of the dynamic squat on ship hydrodynamics is investigated by coupling an Unsteady Reynolds-Averaged Navier-Stokes (URANS) based on CFD solver with dynamic mesh method. The effects of free heave and pitch (as shown in Fig 3 .4) are considered using the combination of 6DoF model and mesh morphing method. It analyzes the impact of diverse channel widths (as shown in Table 3.3) and depths (as shown in Table 3.4) on the ship dynamics squat. or the channel width and depth increase, the amplitude of the pitching motion of the ship decreases. Which means that the trim effect will reduce as the degree of waterway channel restriction cripples.

The research and analysis of the ship squat phenomenon can effectively ensure the navigation safety of large ships in inland waterways.

Research on ship load in restricted waterway

As an important part of modern transportation, inland waterways are playing an increasingly important role. Transport ships often have a variety of load-carrying conditions due to different requirements, which corresponds to different ship drafts.

As shown in Sections 2.3.1.2 and 5.3.2 on the confinement effects and different drafts on the stability of the armor protection layer on the river bank, hence it is very It can be seen that at the position close to the hull, the greater the draft, the greater the drawdown amplitude of the ship-induced wave. As the distance from the hull is farther, that is, the closer the river bank is, the drawdown difference between the four examples gradually decreases. But it still consistent with the order of draughts.

Among them, the gap between T = 18 and T = 24 is relatively small, while the gaps between T = 18, T = 12 and T = 6 are still more obvious, and the smaller the draft, the more obvious the gap. Fig 3.34 shows that the ship's total resistance 

Conclusion

This chapter presents the classic URANS solver in OpenFOAM. Multiphase model VoF, turbulence model SST κ -ω and the deforming mesh method are also introduced in detail. The finite discretization procedure was explained. The deforming mesh method will be combined with the 6DoF model to study the ship's squat phenomenon. The solid body motion approach of 6DoF was presented. The hydrodynamics and behavior of a ship in restricted waterway were simulated and analyzed.

The size settings of the trapezoidal restricted waterway channel section in the calculation examples are derived from the CNR experimental reports, and the ship model adopts the DTC model which is widely used in the CFD field. The mesh convergence was applied based on the procedures of ITTC using three mesh resolutions and the mesh with intermediate number of grids were selected because of the combination of accuracy and computational cost.

For the confinement effects, the restricted waterway sections include four channel widths (bank slopes), three water depths and four ship drafts. The wave elevations, wave elevation drawdown and advancing resistances results agree well with experiments from [START_REF] Moctar | Duisburg Test Case: Postpanamax container ship for benchmarking[END_REF], [START_REF] Baw | Principles for the Design of Bank and Bottom Protection for Inland Waterways[END_REF] and [START_REF]Etude Des Ondes de Batillage sur Modèle Physique au 1/30. Phase 3: Mise en Place de 4 Probes dans le Canal et Comparaison des Ondes de Batillage[END_REF]. Through the simulation and analysis of the four factors: Wave elevation contours, wave elevation drawdowns, pressure, velocity and turbulence contours, advancing total resistances and ship squats to investigate the confinement effects of ship-induced waves and ships, including the widths of the channel, the depths of water and the drafts of ship. It can be seen that the cases with smaller water depth, narrower channel width and larger ship draught have higher advancing resistance and the cases with smaller water depth and narrower channel width show a stronger squat effect since they are more confined in the waterway.

Chapter 4

Study of the effects of ship waves on waterway banks

Introduction

In this chapter, numerical simulations of interactions between ship waves and waterway bank will be conducted for exploring the mechanism of the bank erosion effects from ship-induced waves. The following effects are investigated:

• Analysis of ship-induced waves in restricted waterway under different velocity conditions.

• Researches of the impact and shear effects of ship-induced waves on waterway bank.

• Investigation of critical velocity effect.

Background

In many rivers that undertake navigable functions, especially in water regions with limited width and depth, the bank erosion caused by the ship-induced waves is an increasingly serious problem. The long-term actions of ship waves will lead to morphological and ecological destruction of the river bank, thereby interfere with the ecology and navigation safety along the river basin. It can be seen that when F r is bigger than the critical value, the ship wave will be continuously reflected on the bank, and the total pressure on the bank is linearly positively correlated with the ship speeds. The impact caused by the laterally developing ship wave may be linearly related to the speed condition, which may also be the reason for this variation. When F r is less than the critical value, the wave does not reflect, but there are small fluctuations near the bank wall, which has little effect on the change of total pressure. It can also be seen that from the stern to the end of the simulation domain, there is a relatively high water level in the range where F r ≤ 0.24, which has always brought greater static pressure and may play a decisive role in the total pressure. When F r > 0.24, the water level decreases.

At this time, the dynamic pressure is dominant, so the value of total pressure will increase with the intensification of wave fluctuations.

Wave elevation drawdown analysis

Drawdown is the lowering of the water level adjacent to a ship caused by the displacement flow. And which was analyzed as H max to investigate the effects of the various froude numbers on the wave elevations near the bank. Summarizing the results and deriving the corresponding formula can help to better understand the impacts of the ship waves on the river bank.

The Fig 4.4 shows the dimensionless results of various froude numbers on wave drawdown that near the waterway bank area. It can be observed that F r = 0.24 is still the critical point. When F r is bigger than the critical value F r c , the drawdown Chen et al. [START_REF] Chen | Unified Formula for Critical Shear Stress for Erosion of Sand, Mud, and Sand-Mud Mixtures[END_REF] proposed a unified formula for critical shear stress, taking into account the presence of cohesive and non-cohesive sediments, and verified the effect of the composition ratio of sand to mud in the sediment mixtures on τ c :

τ c = ϑ c0 (ρ s -ρ) gD + ϑ c1 ρ D ρ sbd ρ dm ρ bdm ρ sbd n+1 (4.1)
where ϑ c0 verifies in [START_REF] Soulsby | Pacific Coasts and Ports'97[END_REF]:

ϑ c0 = 0.3 1 + 1.2D * + 0.055 (1 -exp (-0.02D * )) (4.2)
with D * is the dimensionless particle diameter given by:

D * = [(ρ s -ρ) /ρ] g/v 2 1/3 D (4.3) 
ρ s and ρ represent the densities of sediment and water; g is the gravitational acceleration, D is the median grain size and v is the kinematic viscosity of water;

the parameters ϑ c1 and n are given as 6.20 × 10 -8 m 3 /s 2 and 1.55, respectively;

-ρ sbd and ρ bdm denote the stable dry bulk density and dry bulk density of the mud part in the mixtures, ρ dm is the mud particle density; the density ratio ρ bdm ρ sbd indicates the consolidation of the mud components in the sand-mud mixtures.

The results show that the τ c of sand-mud mixtures varies in the interval of 0-4 Pa as a consequence of parameters such as median particle size and dry bulk density. For pure muds, the value of τ c is variable from 0 -10 Pa due to the cohesion. Therefore, When the F r is low, the wall shear stresses acting on the waterway bank are very weak and there is almost no erosion at these conditions; when F r rises to the critical area, the wall shear stress in the entire calculation domain has a relatively large growth, and different degrees of erosions are generated in some locations; when F r continues to increase, the shear stress is more concentrated and appears to a trend of gradual decrease as F r increases. Erosions caused by shear stresses occur mainly within the critical and supercritical regions, with essentially no erosions happening in the subcritical zone.

The erosion rate E represents the development velocity of the erosion phenomenon over a certain period of time and therefore provides a more intuitive expression of the variation in the intensity of bank erosion due to ship-induced waves at different F r. Fell et al. [START_REF] Fell | Relationship between the erosion properties of soils and other parameters[END_REF] introduced a method for calculating E (m/s):

E = k e (τ b -τ c ) (4.4)
τ b is chosen as the value of the maximum wall shear stress in every single numerical case. k e is the erodibility coefficient (cm 3 /N • s) given by [START_REF] Hanson | Erodibility of cohesive streambeds in the loess area of the midwestern USA[END_REF]: The results of previous investigations (channel depth h = 0.7m) have shown that the critical Froude number has a key influence on the ship waves in the confined waterway and the interaction with waterway banks. The depth of inland waterway channels often has great differences and changes, and the insufficient depth of the river channels often brings about effects for advancing ships and related ship-induced waves. Therefore, it becomes very valuable to study the relationship between the critical Froude number F r c and the channel depth H. Four various channel depth H will be conducted in this work: 0.3m, 0.5m, 0.7m and 0.9m and the ship's draft T is the default value as shown in Table 3.4.

k e =

• Wave elevation drawdown

The results of wave elevation drawdowns near the waterway bank in four various depth channels are shown in Fig 4 .8. It can be observed that the four sets of results all show critical effects and the critical Froude numbers increase with the rising of channel depth h and both sides of F r c in four groups all show a similar pattern of transformation. When h = 0.3m, 0.5m, 0.7m and 0.9m, the F r c are respectively 0.15, 0.2, 0.24 and 0.3.

• Total pressure

The total pressure is plotted against the F r on waterway bank with various h in Fig 4 .9. The critical effect can also be clearly observed. When F r is lower than F r c , the total pressure remains high and stable state. When F r > F r c , the value of the total pressure drops sharply, and then increases linearly with the increase of F r. The F r c are all the same value of the previous section in four groups.

• Wall shear stress The least F r represent the weakest τ b values and erosion will barely not occur.

When F r > F r c , τ b keeps a small span and remains a descending tendency as the the maximum erosion rate is reached coincides with the critical area in all the calculation cases for different waterway depths.

• Critical Froude number variation

The above research contents show another feature is that the value of F r c is closely related to the depth of the channel h, and the result is shown in Fig 4 .12. There is a linear positive correlation between F r c and h and the coupling result is as follows :

F r c = 0.0825 + 0.234 × h (4.6)

Conclusion

In this chapter, the interactions between ship-induced waves and waterway bank, including the wave elevation contours, wave elevation drawdowns, total pressure and wall shear stress on waterway bank were simulated and analyzed.

The wave elevation contours show the modeling variations of advancing ship-induced waves with different speeds in restricted waterway. Wave elevation drawdown is another important parameter to quantitatively characterize the ship wave modeling near the bank.

The results of total pressure and wall shear stress acting on banks can intuitively show the impact and erosion effects of ship waves on the waterway bank under different velocity conditions.

The results of the shear effect were also adopted for comparison with the critical shear stresses of sediment mixtures with cohesive and non-cohesive parts of natural river banks to investigate the extent of erosion under different velocity conditions.

The erosion rate results also indicate that the most intense erosion of the waterway bank occurs when F r ≃ F r c is satisfied. (2) The instances with unique and non-spherical particles can be solved accurately, which is due to all forces acting on particles are computed by the DEM solver;

(3) Various particle appearances can be simultaneously used in the DEM solver without increasing the CFD cost.

In this chapter, a CFD-DEM (computational fluid dynamics-discrete element method) solver, called SediFoam, is used to simulate the movements and collisions between the blocks and the interactions with the surrounding environment under the action of ship-induced waves, these blocks are scattered on the eroded waterway bank as an armor protection layer. The following aspects are emphasized:

• Mathematical model of CFD-DEM solver.

• Bonded-Sphere approach is used to represent blocks with different shapes and sizes.

• Stability analysis of the armor protection layer on the waterway bank.

Methodology

CFD-DEM solver SediFoam, which implements the solution for the particle movements in fluid flow [START_REF] Sun | SediFoam: A general-purpose, open-source CFD-DEM solver for particle-laden flow with emphasis on sediment transport[END_REF]:

• Molecular Dynamics (MD) simulator, LAMMPS is responsible for inter-particle interactions such as collisions and static contacts;

• OpenFOAM calculates the fluid forces f f p applied to the particles and provides them to LAMMPS as a basis for particle motion in Eq 5.1 and Eq 5.2.

OpenFOAM will average the forces on individual particles to calculate the particle forces in the fluid equations. The computational procedure of SediFoam is depicted in Fig 5 .1. SediFoam is a hybrid CFD-DEM solver jointly developed by Dr. Sun

m dv dt = (f c N + f c T ) + f f p + mg = f col + f lub + f f p + mg (5.1) I dω dt = T c + T f p = T col + T lub + T f p (5.2)
where v and t are referring to the velocity of the particle and the time; m is the particle mass; f c and T c represent the the contact force and contact torque, respectively;

and the subscripts N and T denote the tangential and normal components; and according to the different ways of force generation, the contact force can be divided into: f col represents the forces generated by the collisions between particles and with wall and f lub indicates the lubrication force as a result of the fluid squeezed out from the gaps between two particles; f f p denotes fluid-particle interaction forces (e.g., drag, lift force and buoyancy); g expresses body force. I denotes particle rotational moment of inertia and ω stands for angular velocity of particle. The superscript col, lub and f p of T represents the torques that induced from the collisions of particles, lubrication behavior and fluid-particle interactions, respectively.

Particle contact forces

Normally, contact forces f col can be decomposed into two orthogonal components, one normal to the contact surface, represented by f col N in Eq 5.3, and another component tangential to the contact plane, can be seen as f col T in Eq 5.3:

f col = f col N + f col T (5.3)
In a DEM code, the particles are generally considered to be non-deformable, but subtle overlap is usually allowed, as illustrated by Sliding occurs on the contact precess when f col T is greater than χ s f col,t n . Conversely, it is considered that sliding disappears when f col T is less than χ d f col,t n .

Locally averaged Navier-Stokes equations in CFD

The fluid phase is characterized by the locally averaged incompressible Navier-Stokes equations. The governing equations for the fluid are ( [START_REF] Anderson | Fluid mechanical description of fluidized beds[END_REF][START_REF] Kafui | Discrete particlecontinuum fluid modelling of gas-solid fluidised beds[END_REF]): The Large-eddy simulation (LES) model is applied to deal with the turbulent part of the fluid in this chapter, the stress tensor Φ therefore consists of two components, the viscous stress and the Reynolds stress:

∂ (ε f ρ f ) ∂t + ∇ • (ε f ρ f u f + ε s ρ s u s ) = 0 (5.14) ∂ (ε f ρ f u f ) ∂t + ∇ • (ε f ρ f u f u f ) = -∇P + ε f ∇ • Φ + ε f ρ f g + F f p (5.
Φ = µ f ∇u f + ρ f τ (5.16)
where µ f denotes the dynamic viscosity of the fluid flow and τ represents the Reynolds stress and which is given by:

τ = 2 ρ f µ f e S - 2 3 kI (5.17)
where µ f e stands for the dynamics eddy viscosity and k denotes the turbulent kinetic energy. The interpretation of S is:

S = (∇u f + (∇u f ) T )/2 (5.18)
It is worth noting that in Φ term, the fluid fluctuation behavior at particle boundary is neglected. Via averaging the information of Lagrangian particles, the Eulerian fields ε s , u s , and F f p in Eq 5.15 can be realized. Because the averaging procedure may cause the fluid variables to be too diffusive for calculation, the fluid variables are not averaged before being sent to the particles. The calculation of the CFD module [START_REF] Feng | Assessment of model formulations in the discrete particle simulation of gas-solid flow[END_REF][START_REF] Zhou | Discrete particle simulation of particle-fluid flow: model formulations and their applicability[END_REF] first starts with the fluid-particle interaction forces on a single particle in each cell, and then adds up the forces on all particles contained in the cell in that time step.

Fluid-Particle Interactions

The fluid-particle interaction force F f p consists of buoyancy F buoy , drag F drag , lift force F lif t , and added mass force F add , which have been described in detail in [START_REF] Sun | SediFoam: A general-purpose, open-source CFD-DEM solver for particle-laden flow with emphasis on sediment transport[END_REF] .

The drag on a single particle s is given by:

f drag s = ∇ p,s ε f,s ε s,s χ s (u p,s -U f,s ) (5.19) 
where ∇ p,s and u p,s denote the volume and the velocity of this particle s, respectively; U f,s represents the fluid velocity interpolation of the particle center; χ s is the drag correlation coefficient considering the existence of other particles. The χ s value for the drag force comes from ([123]):

χ s = 3 4 
I d V 2 c ρ f |u p,s -U f,s | d p,s with I d = (0.63 + 0.48 V c /R e ) (5.20) 
where R e stands for the particle Reynolds number and which is given by:

R e = ρ s d p,s |u p,s -U f,s | (5.21)
the V c is the correlation term:

V c = 0.5(A 1 -0.06R e + (0.06R e ) 2 + 0.12R e (2A 2 -A 1 ) + A 2 1 ) (5.22) 
with

A 1 = ε 4.14 f , A 2 =      0.8ε 1.28 f if ε f ≤ 0.85, ε 2.65 f if ε f > 0.85.
(5.23)

Apart from drag, the lift force on a spherical component particle is formulated as ( [START_REF] Saffman | The lift on a small sphere in a slow shear flow[END_REF]):

F lif t s = C l ρ f ν 0.5 D 2 (u p,s -U f,s ) × ∇U f,s (5.24) 
where × illustrates the cross product of two vectors, and C l = 1.6 denotes the lift coefficient.

Diffusion-Based Averaging Method

According to Eq 5.14 and Eq 5.15, the continuum Eulerian fields of ε s , U s and F f p are obtained by averaging the discrete particle data. The averaging algorithm which previously proposed by ( [START_REF] Sun | Diffusion-based coarse graining in hybrid continuum-discrete solvers: Applications in CFD-DEM[END_REF][START_REF] Sun | Diffusion-based coarse graining in hybrid continuum-discrete solvers: theoretical formulation and a priori tests[END_REF]) is also implemented inside the SediFoam.

Taking the averaging process of ε s as an example. The first step is to achieve the particle volumes of every single cell. Afterwards, dividing the total particle volume by the volume V c,q of cell q gives this cell's solid volume fraction:

ε s,q (x, τ = 0) = np,q s=1 V p,s V c,q (5.25) 
where n p , q denotes all particles contained within the cell q. With the initial condition in Eq. 5.25, a transient diffusion equation for ε s (x, τ ) is conducted to achieve the continuum Eulerian field of ε s :

∂ε s ∂τ = ∇ 2 ε s (5.26)
where ∇ 2 is the Laplacian operator and τ is pseudo-time.

Bonded-Sphere Approach

Traditional DEM solvers usually model particles as soft spheres for pursuing calculation efficiency and implementation complexity, although natural blocks on the waterway bank are usually mixture of non-spherical (e.g., cube-, blade-, equantand rod-shaped) particles. The previous treatments of irregular blocks was mainly to sphere-based DEM, which not only ignored the fluid-induced torques on blocks, but also lacked the flexibility to deal with the accumulation of blocks with an arbitrary mixture of block shapes. [START_REF] Sun | Realistic representation of grain shapes in CFD-DEM simulations of sediment transport with a bonded-sphere approach[END_REF] proposed an uncomplicated, efficacious approach to represent common sediment grain shapes with bonded spheres. This method can calculate the fluid force of each block and apply it to other individuals, consequently it can accurately simulate the transportation dynamics of the block armor layer on the river bank under the action of ship-induced waves and retains decent authenticity.

Each block is constructed by multiple constituent spheres. The component spheres from different blocks may experience deformation through contact process between different blocks, and the movement of each constituent sphere and the fluid forces exerted thereon are calculated separately. However, the component spheres forming the same block maintain their relative positions throughout the simulation. In the following content, the procedure for each particle at every integration time step can ensure that this intention will be achieved:

1. The total forces and torques on the irregular block is calculated by summing up the forces and torques from other blocks acting on each component sphere of the target block. 

Investigations of the stability of blocks on the waterway bank

In order to resolve the serious erosion problem suffered by the exposed river bank, an armor layer made of rocky units was applied to protect the river bank from its natural state. Although this kind of protection is not a perfect solution, because with the continuous influence of the ship waves, the blocks on the bank will be displaced to varying degrees, thus losing the protection functions. Therefore, because the solver SediFoam can combine CFD and DEM and it is 123 bulence model and fluid-particle interactions were presented. A bonded-sphere approach was applied to characterize the blocks with different volumes and shapes that make up the armor protection layer.

Based on the obtained mathematical methods, the stability investigations of armor protection layer on the waterway bank were simulated and studied as independent blocks motion and average blocks motion in various velocities and ship drafts conditions in restricted waterway.

When the velocity condition is higher, the effect from the ship-induced waves exerted on the discrete blocks' displacements is more obvious; and the critical phenomenon as in section 4.4 can be observed. A larger ship draught will also increase the average displacement distances of the blocks as well. In addition, the shape, size and initial positions of the blocks will also affect their stability.

Conclusions and future work

• Conclusions CFD and CFD-DEM coupling via OpenFOAM and LAMMPS softwares were used to study the derivative problems of inland navigation in restricted environments, including ship hydrodynamics, ship-induced waves modeling, the interactions between ship-waves and banks, and the stability of armor protection layer on waterway bank. The methodologies of numerical simulation methods and the framework of the numerical solver are presented in detail.

Meshing convergence study and the comparison investigations of wave elevation cases with [START_REF]Etude Des Ondes de Batillage sur Modèle Physique au 1/30. Phase 3: Mise en Place de 4 Probes dans le Canal et Comparaison des Ondes de Batillage[END_REF] and advancing total resistance cases with [START_REF] Moctar | Duisburg Test Case: Postpanamax container ship for benchmarking[END_REF] were carried out and validated using the DTC model. These results fully demonstrate the reliability of the numerical simulation results in this thesis. The confinement effects of the inland waterway was simulated using the channel settings from [START_REF]Etude Des Ondes de Batillage sur Modèle Physique au 1/30. Phase 3: Mise en Place de 4 Probes dans le Canal et Comparaison des Ondes de Batillage[END_REF] with trapezoidal section and various combinations of channel dimensions, ship drafts and water depths. Smaller slope of channel bank, smaller water depth and larger draught were found to increase the advancing resistance and the wave elevations.

Meanwhile, the smaller river bank slope and greater water depth can enhance the effect of the ship's squat. These mean that the ship resistance and squat change more intensively under these conditions.

The interaction processes between the ship waves and the waterway banks were mainly applied by carrying out the simulation and analysis of normal impact force and tangential shear stress from ship-induced waves and acting on banks.

The comparison between the wall shear stress and the critical shear stress of the main components of the river bank in the natural state reveals the relationship between the ship's forward velocities in the restricted waterway and the ero-sion effects on the waterway bank. Furthermore, the results of wave elevation drawdown and normal total pressure not only exhibited the variations of wave forms and impact effects near the bank region considering velocity conditions, but also displayed the critical effect that existed at F r = 0.24. By adding cases with various water depths, the numerical relationship between the critical Froude number F r c and the water depth H was obtained. Due to the limitation of calculation time, the research contents of this chapter did not take into account the influence of sinkage and trim, which should be considered.

The CFD-DEM coupling solver based on OpenFOAM and LAMMPS software, namely SediFoam, was applied to investigate the stability of armor protection layer on waterway bank under the influence of ship-induced waves. A bondedsphere approach was adopted to represent various rocky blocks with different sizes and shapes. The CFD-DEM coupling takes into account of fluid-solid and solid-solid interactions. The stability of the armor protection layer was studied by statistics and analysis of the displacements of four different independent blocks and the average displacements of all individuals of each type under the action of ship waves. The discrepancies caused by the shapes, sizes and initial positions of the blocks were also considered.

The numerical results of ship-waves modeling, ship resistance and ship squatting behavior presented the influences of inland waterway restriction degrees on ships. The simulations of wave elevation drawdown, normal impact force and tangential shear stress were applied for investigating the interactions between ship-induced waves and waterway banks. The CFD-DEM coupling method was conducted to study the stability of armor protection layer on waterway bank under the action of ship-waves. These work provide useful suggestions for inland navigating and waterway bank protection. These numerical models and procedures can help us to simulate many ship waves-related phenomenas and the corresponding physical principles based on CFD.

• Future research plans

The investigations of this thesis have made progress in stages, and also contribute to the numerical and engineering fields of the interaction processes between shipinduced waves and inland waterway bank. In addition, it also summarizes the improvements that need to be done in the next stage:

-By introducing the wave dynamic model to simulate the effects from special conditions on the hydrodynamics and behaviors of ship and the variations of ship-induced wave patterns in restricted waterway.

-The influences of propeller and rudder on ship-induced wave modeling can be simulated with higher precision and accuracy on the basis of applying new dynamic mesh techniques such as Overset and IBM, etc.

-A targeted optimization on solver SediFoam is needed, and multiphase flow model for example VOF will be added to make the calculation results closer to reality.

-Try to add the function of wave generation to SediFoam, so as to better simulate the interaction process between ship-induced waves and waterway banks.

With these improvements, these numerical solvers will be able to simulate more conditions for ships and waves. These simulation results can contribute to the safe navigation and waterway bank protection of inland rivers.
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  A s and A c represent the cross sections of the ship and waterway channel. As shown in Fig 3.5, h and T represent the water depth and ship draft. W f and B represent the waterway channel width and ship breadth ([100]). Parameters Start of restriction effect Major restriction intervals Highly restricted A c Three flow regimes, including open, restricted and shallow, can be identified as total resistance referring the depth-based Froude number (F r h ) in subcritical, critical (F r h = 1) and supercritical states (Figure 2.7). The characteristics of these three regimes are different in the relative numerical relationship between width and depth of waterway channel and the size of the advancing ships. The important threshold parameters of the confinement effects are shown in Table 2.1. The resistance curves of ship advancing in open, shallow and restricted environments are also different and which can be observed in Figure 2.7 as blue, red and green lines respectively.

  The experimental investigations of ship squat are generally based on the model experiments in the towing tank. Delefortrie et al.[START_REF] Delefortrie | Squat prediction in muddy navigation areas[END_REF] conducted a long-term experimental study focusing on the squat behavior of ships in muddy areas and the effects of the water-mud interface. They found that the mud layer would contribute to weakening the ship's sinkage, but causing a larger trim.Katrien et al. [38] carried out extensive captive model tests based on shallow watertowing experiments and determined squat prediction formula involving key features of inland waterway transportation such as ship speed, loading, propeller behaviour, waterway obstruction and bank geometries, which was also validated in full-scale real-time experiments.

  internal or surface, it is one of the important mechanisms leading to the breaching and deformation of river banks and the destruction of the ecological environment of the watershed (as shown in Fig 2.9). The main influencing factors from ship-induced waves include: (1) the shear effect of ship-induced waves can alter sediment trans-protection method to protect navigable waterways from wave erosion. Mazdak et al.[98] adopted a Computational Fluid Dynamics (CFD) model of airwater-sand flow in a Horizontal-Horizontal (H-H) standard elbow with a diameter of 76.2 mm to investigate the erosion phenomenon under multiphase flow conditions. Massimo et al.[103] reviewed two main sets of bank erosion processes and mechanisms, namely fluvial erosion and mass failure and presented new simulations in which fluvial erosion, pore water pressure, and limit equilibrium stability models are combined into a fully coupled analysis. Bendoni et al.[11] improved the 1D version of the hydro-morphodynamic model XBeach and simulated the erosion of salt marsh edges under wave attack. Ding et al.[31, 30] used a triple-coupled Fluid-Porous-Solid model to analyze the stability of breakwaters under violent wave impacts.

Figure 2 . 10 :

 210 Figure 2.10: Secondary waves from advancing ship propagation to the river bank and the resulting erosion phenomenon ([37]).
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 28248 ρ dry τ c = 5.42 × 10 -6 ρ dry 2.Chen et al.[START_REF] Chen | Unified Formula for Critical Shear Stress for Erosion of Sand, Mud, and Sand-Mud Mixtures[END_REF] presented a unified formula for critical shear stress, which will be introduced and conducted comparison with simulation results in Section 4.3.4. Benefiting from the rapid development of numerical simulation technology in recent years, CFD (Computational Fluid Dynamics) approaches have been extensively used in related fields because of its low time and economic cost. Du et al.[START_REF] Du | Resistance and wave characterizations of inland vessels in the fully-confined waterway[END_REF] numerically simulated the resistance and ship-generated waves of two inland vessels in the fully-confined waterway. JI et al.[START_REF] Ji | 3D Modeling of sediment movement by ships-generated wakes in confined shipping channel[END_REF] presented a 3D numerical model based on the hydro-sedimentary coupling to search the relationship between the sediment motion, and the variations of ship-induced wave patterns around the waterway, and the back currents alongside the hull. Emmanouil et al.[START_REF] Spyropoulos | Computational Fluid Dynamics (CFD) modelling to estimate fluvial bank erosion: a case study[END_REF] numerically simulated the erosion model of fluid shear stress that exerted on the riverbanks of the river meanders. In this work, numerical simulations based on OpenFOAM will be carried out to explore the wave elevation variation of ship-induced waves near the bank and the scouring and shearing effects on the waterway channel slopes. Compared with other experimental and simulation studies, the advantages of the present work are:[START_REF] Almström | Measurements and analysis of primary ship waves in the Stockholm Archipelago, Sweden[END_REF] Multiphase solver from OpenFOAM will be carried out to explore the wave elevation variation of ship-induced waves in restricted waterway and the wave elevation drawdown near the bank area; (2) By applying the VOF method, the water-air interface can be effectively and accurately captured and thus obtain more accurate wave data; (3) this work focuses on the pressure and shear forces from ship-induced waves However, under the continuous impacts and actions from ship waves, the armor layer cannot guarantee continuous stability ([START_REF] Gómez-Martín | Erosion of cube and Cubipod armor layers under wave attack[END_REF][START_REF] Ding | Stability of caisson-type breakwater using coupled Fluid-Porous model[END_REF][START_REF] Kurdistani | River bank protection from ship-induced waves and river flow[END_REF]). Particle erosion, translational slides, slumping and side slope failure (as shown in Figure2.13) often lead to the destruction of armor units. Therefore, it is very important to carry out research and analysis on the stability of the armor layer under the impact of ship-induced waves. Studies on river protection layers are mainly based on experimental methods.Van ([START_REF] Van Der Meer | Rock slopes and gravel beaches under wave attack[END_REF]) experiments investigated the stability of statically and dynamically stable river slopes composed of loose materials under wave impact. Shafai-Bajestan and Albertson[START_REF] Shen | Riprap criteria below pipe outlet[END_REF] studied the effect of size, gradation and thickness on ripraps motion under injection conditions based on pipe jets. Pagliara and Kurdistani[START_REF] Pagliara | Clear water scour at J-Hook Vanes in channel bends for stream restorations[END_REF] conducted experimental investigations of the protective capacity of J-Hook Vanes structures for waterway bank stability under different channel curvature conditions. Kurdistani et al.[START_REF] Kurdistani | River bank protection from ship-induced waves and river flow[END_REF] comprehensively studied the effects of different parameters and conditions of ship-induced waves and river flows on the armor protection layer and constructed a new equation to guide the design of armor units on the river bank. Compared to other existing empirical equations that are based on wind waves determinations, this equation takes into account the effect of ship-induced waves on the D 50 (the mean diameter of the protecting armor units)

  (3.1) and (3.6), making it unnecessary to calculate velocity fluctuations, but only the mean flow velocity, thus greatly reducing the computational consumption. The famous and classical Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations are as follows:
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 5 Application to the DTC ship model 3.5.1 Hull DTC geometry As a case study for thesis, the DTC ( duisburg test case) model was chosen for several reasons. Firstly, 3-D CAD (Computer-Aided Design) hull is readily available in the public domain. Also the DTC ( duisburg test case) was designed to be utilized as a model for numerous investigations, and various authors have made use of the DTC to conduct research. A considerable amount of experimental investigations have been conducted in model scale (1 : 60) and a wealth of data is available from different papers in both deep and shallow waters. Unfortunately, a trapezoidal channel model scale experiment is yet to be conducted, which is part of the reason why the present study incorporates this scenario. The main particulars in full and model-scale are presented in Table 3.2.

  nel widths and depths, different restriction of channel can be realized. The crosssectional view of the channel and ship is shown in Fig. 3.5, three probes can capture three transects of waves. And the parameters of different channels are shown in

  ). Created in 1933, the Compagnie Nationale du Rhône (CNR) received from the state in 1934 the concession of the most powerful French river to develop and exploit it according to three united missions: production, navigation, irrigation and other agricultural uses. Thus, the company had conducted in-depth research and development on wave modelings caused by advancing ships in rivers. The comparison results are shown in Fig 3.8, and the simulation results are in good agreement with the experimental results.

  forward speeds, corresponding to Froude numbers F r = v/ gL pp from 0.172 to 0.214 and full-scale advance speeds v from about 20.0 to 25.0 knots. In the whole thesis, all the results that include the velocity conditions, use the Froude number with the characteristic length of L pp for dimensionless processing. The hull was ballasted at the design draft 14.5 m. Tests were carried out at water kinematic viscosity v M = 1.090 • 10 -6 m 2 /s and density 998.8 kg/m 3 . Compared with the experimental data, the calculated total resistance coefficient is shown in Fig 3.9. It is shown that the numerical results are in good agreement with the experimental results in the figure and the maximum deviation is around 4%. Thus, all the results fall within the uncertainty area and all results can be considered validated.

Figure 3 . 8 :

 38 Figure 3.8: Comparison between numerical and experimental results for various slope of the channel. tanα=1/3(a), 1/4(b) and 1/5(c) and α is given in Fig 3.5.

Figure 3 . 9 :

 39 Figure 3.9: Comparison of the resistance coefficient (C t ) with experimental data ([88]). C t is the total resistance coefficient and which is given in Eq 3.47.

  Extracted wave elevations in different width channels at three different distances, as Y or ys in later contents and which is the distance from hull's sailing line. Y = 1m, 1.5m and 2m represent the transects captured by probes at three different positions as shown in Fig 3.5 and the results of wave elevations are shown in Fig 3.12. It can be seen that wave height at the ship's location has dropped. In restricted channels, as the distance from the ship increases, the wave's fluctuations gradually become smoother.

Figure 3 . 12 :

 312 Figure 3.12: Wave elevations along three transects for various widths or bank slopes of the channel.

Figure 3 . 13 :

 313 Figure 3.13: Wave elevations along three transects for various depths of the channel.

80 ( 3 . 45 )

 80345 356 , 0.20 ≤ F r < 0.55 β = -0.342; δ = -0.146, 0.55 ≤ F r < 0.BAW-AK ([4]) proposes a model for restricted channels with trapezoidal cross section: simulation data was selected for comparison with the empirical model which has the similar channel configurations. And the contradistinction results are shown in Fig 3.14 and these two result curves have similar trends and the difference is slight. Meanwhile, it can be observed that the value of two coefficients: 0.52 and -0.31 may be affected by the restriction of channels.

Figure 3 . 14 :

 314 Figure 3.14: Comparison with the empirical model for H max .

3. 9

 9 Ship-induced waves hydrodynamics in restricted waterway In Section 3.8, the wave modelings in various restricted waterways are simulated to analyze the relevant hydrodynamic behavior of ship-induced waves in confined waters. As shown in Fig 2.1, the wave elevations are closely related to physical

Figure 3 . 15 :

 315 Figure 3.15: Recording of the typical wave system during a ship passage [1].

Figure 3 . 16 :

 316 Figure 3.16: Drawdown H m ax of wave elevations for various widths or bank slopes of the channel.

Figure 3 . 17 :

 317 Figure 3.17: Drawdown H m ax of wave elevations for various depths of the channel.

Fig 3 .

 3 Fig 3.19 shows the velocity contours with vectors and streamlines, where the channel widths are same as tanα =1 2 . The effects of water depths on ship-waves are more obvious than the variation due to the channel widths, which is also in line with

Figure 3 . 27 :

 327 Figure 3.27: Total resistance coefficients against W f W .

The Fig 3 .

 3 29 and Fig 3.30 respectively show the influence of diverse restricted waterway channels on ship sinkage. As the depth and width of the river channel increase, the confinement effect is weakened, and the sinking amplitude of the ship is reduced. Which means that the sinkage effect will attenuate as the degree of waterway channel restriction weakens. The Fig 3.31 and Fig 3.32 respectively represent the action of various confinement waterway channels on ship trim. Similarly, as the degree of restriction decreases

Figure 3 . 28 :

 328 Figure 3.28: Total resistance coefficients against h T .

Figure 3 . 29 :

 329 Figure 3.29: Sinkage(σ) against h T .

Figure 3 . 30 :

 330 Figure 3.30: Sinkage(σ) against W f W .

Figure 3 .

 3 Figure 3.31: Trim(τ ) against h T .

Figure 3 . 32 :

 332 Figure 3.32: Trim(τ ) against W f W .

Figure 3 . 33 :

 333 Figure 3.33: Drawdown of wave elevations for various drafts of the ship.

Figure 3 . 34 :

 334 Figure 3.34: Total resistance coefficients against various drafts of the ship.

Fig 4.1 shows the activities 4 . 3 . 2

 432 Wave elevation contours analysisThe total pressure data cannot independently explain the reasons of the critical effect and then applying the analysis of wave patterns near the bank wall may assist reveal part of the critical phenomenons. Therefore, extract the wave elevation contours in the simulation results of different Froude numbers as shown in Fig 4.3.

Figure 4 . 5 :

 45 Figure 4.5: Wave elevation drawdown (H max ) against horizontal distribution

4

  Pa was chosen as the reference value for the critical shear stress and added to the subsequent numerical simulations. TThe comparisons between the critical shear stress of the waterway banks in natural state are shown in the Fig 4.6. The blue dashed line represents the critical shear stress τ c = 4 Pa. And when the wall shear stresses on the waterway bank from the ship-induced waves in the simulation results are greater than this value, erosion occurs, as indicated by the blue region. The black area shows the no erosion interval and the region where the critical effect occurs is represented in the green box.

Figure 4 . 6 :

 46 Figure 4.6: Wall shear stress against F r

Fig. 4 .

 4 Fig.4.7 shows the results of varying erosion rates against F r, and the green box includes the E at the occurrence of the critical effect. The highest erosion rate is achieved in the critical zone, with a decrease in erosion intensity in the supercritical zone and almost zero at low F r conditions.

Figure 4 . 7 : 4 . 4

 4744 Figure 4.7: Erosion rate against F r = V √ gLpp

  The wall shear stress (τ b ) on the waterway bank and the comparison with critical shear stress (τ c ) can be seen in Fig 4.10. The values in critical area as shown inside green box indicate a considerable growth. In this situation, all parts of the bank in the calculation domain are subject to varying levels of erosion, with the strongest erosion occurring in certain areas that are directly impacted by ship-induced waves.

Figure 4 . 11 :

 411 Figure 4.11: The rates of the waterway bank erosion phenomenas with various channel depth h. (a) h = 0.3m; (b) h = 0.5m; (c) h = 0.7m and (d) h = 0.9m 104

Fig 5 . 2 .

 52 The normal component can be defined by a function of the normal overlap, while the tangential component where χ s and χ d represent static and dynamic friction coefficient, respectively.

  [START_REF] Bojanowski | Development of a Computational Approach to Detect Instability and Incipient Motion of Large Riprap Rocks[END_REF] where ε s and ε f = 1 -ε s represent the solid and fluid volume fractions separately; u f and ρ f denote the velocity and density of fluid phase. The momentum equation's right side gives these terms as: (1) pressure (P ) gradient; (2) stress tensor (Φ) divergence term; (3) fluid gravity g term and (4) forces term of fluid-particle interactions.

2 .

 2 Compute the position and orientation of the irregular block, whose center of mass and momentum of inertia are computed beforehand (straightforward for non-overlapping spheres).

3 . 3 D

 33 Update the position and orientation of all component spheres in the block.Due to the giant natural diversities and the uncertainties in the characterization, it is undoubtedly unrealistic to characterize a generic irregular particle with several parameters. Thus it is not essential to represent the detailed block geometry and not too much component spheres are picked to represent the irregular blocks. A simplistic approach was applied to perform each of the four classes of blocks with spheres:• Blade-shaped blocks are those whose intermediate axis is slightly shorter than the long axis ( 3 2 D B ≈ D Bl ), and the short axis owns the similar dimension with intermediate axis (D B ≈ D Bs ). The component sphere-based representation of blade-shaped blocks is as shown in Fig 5.3 (a). • Cube-shaped blocks are those whose long, intermediate and short axes are similar to length (D Cl ≈ D C ≈ D Cs ). The component sphere-based representation of cube-shaped blocks is as shown in Fig 5.3 (b). • Equant blocks are those whose long axis is slightly longer than the intermediate and short axes ( 2 El ≈ D E ≈ D Es ). Note that in the algorithm described above for constructing bonded sphere representation of blade-, cube-and rodshaped particles, the basic blocks contained in the same type of -shaped blocks are all the same size. Equant-shaped represents a block configuration composed of spheres with different sizes.The component sphere-based representation of equant-shaped blocks is as shown in Fig 5.3 (c). • Rod-shaped blocks are those whose short and intermediate axes are similar length (D R ≈ D Rs ) but the long axis is much longer (2D R ≈ D Rl ). The component sphere-based representation of rod-shaped blocks is as shown in Fig 5.3 (d).
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 55 Figure 5.5: Displacement statistics of 4 separate blocks within various F r

Figure 5 . 8 :

 58 Figure 5.8: Displacement statistics of 4 separate blocks within various ship drafts T

Table 2 .

 2 1: List of channel restriction effect thresholds.
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	1: RANS turbulence models in CFD codes
	No. of extra transport equations	Name
	Zero	Mixing length model
	One	Spalart-Allmaras model
	Two Two Two	κ -ω model κ -ε model Algebraic stress model
	Seven	Reynolds stress model

κ -ε turbulence model is the most widely used model in CFD, which consists of two transport equations and represent part of the turbulence properties respectively.

Table 3 .

 3 

	2: DTC main particulars in full and model-scale	
	Property	Unit Symbol Full-scale Model-scale
	Length between perpendiculars	m	L pp	355	6
	Beam at waterline	m	B	51	0.85
	Design draught	m	T	14.5	0.22
	Displacement Block coefficient	m 3 -	∇ C B	173814.76 0.661	0.8 0.661
	Wetted area, including rudder and propeller m 2	S W	22352	6.2

Table 3 .

 3 3 and Table 3.4.

Table 3 .

 3 

3 and Table 3.4) were investigated. Fig 3.16 shows the results of H max for various width or bank slopes of the waterway channel. It can be seen that width
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expanding of F r. However, at very shallow waterway (h = 0.3 m), the maximum erosion in the supercritical zone grows weakly with increasing F r, but the ultimate value does not exceed the critical zone. Validation and application with CFD-DEM coupling

Introduction

In this chapter, a coupling method of Computational Fluid Dynamics and Discrete Element Method (CFD-DEM) is used to simulate the interactions that exist between the movements of the blocks on waterway bank and the ship-waves.

The blocks, are bank protection elements, which are considered here as discrete elements. Thus, in this thesis we seek to establish a fluid-solid retroactive coupling in order to study the stability of these blocks and then to analyze the impact of ship waves on the banks.

Inside the typical CFD-DEM system, the phase motion of discrete solids or particles is realized by applying Newton's laws of motion to every single particle in the part of the DEM model, while characterize the flow of continuum fluid by applying the traditional CFD approaches to solve the local averaged Navier-Stokes equations.

The interactions between the fluid phase and solids phase is better modeled pursuant to Newton's third law.

Therefore, the CFD-DEM method has obvious advantages in solving specific multiphase flow problems, such as fluidized beds and catalytic reactors, wastewater management, and river bank erosion and protection:

(1) The motions of every single particle, including particle-particle and particle-unloading components. The particle loading stiffness, K cslp , is given by:

The loading and unloading parts of two particles' contact stiffness are defined separately as:

(5.8)

where 1 and 2 represent the two particles where the contact process takes place.

The loading and unloading stiffness of the particles in contact with the boundary are:

(5.11)

Tangential component

Linear elastic-frictional model, which has simple elastic behavior before onset of friction and can reproduce Coulomb frictional contact behavior for static and dynamic frictional values, is applied for describing the tangential contact forces ( [START_REF] Fonte | DEM-CFD coupling: mathematical modelling and case studies using ROCKY-DEM® and ANSYS Fluent®[END_REF]):

where the subscript t and t -dt from f col T denote the tangential contact force on the particle at present and previous time steps, respectively. The following equation is used for the sliding behavior that occurs during contact: f col T,t = min(f col T,t-dt + K csl ds T , χ d f col N,t ) (5.13)