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The inland waterway transport has a range of advantages over rail and road transport, including large capacity, low cost, and low energy consumption, etc [1].

However, there are various forms in inland rivers or canals, such as bending, straight and bifurcated sectors, among which the bending sectors are the most common and dangerous zones (see Fig 1. 1). On one hand, inland curved waterways are both very narrow and shallow, making them become restricted waters. On the other hand, special and complex flows will be induced due to the centrifugal force in curved fairways.

Many scholars were devoted to figuring out the flow characteristics in bending zones [2][3][START_REF] Blanckaert | Turbulence structure in sharp openchannel bends[END_REF][START_REF] Booij | Modelling the Flow in Curved Tidal Channels and Rivers[END_REF][START_REF] Eskinazi | An Investigation on Fully Developed Turbulent Flows in a Curved Channel[END_REF][START_REF] Vriend | A Mathematical Model Of Steady Flow In Curved Shallow Channels[END_REF], and the general flow characteristics of the water in the bend have been understood. The current will move in a curve when it flows through the bending zones due to the centrifugal force, causing unequal water levels between both banks [START_REF] Blanckaert | Turbulence structure in sharp openchannel bends[END_REF][START_REF] Blanckaert | Flow separation at convex banks in open channels[END_REF][START_REF] Vriend | Computation of the Flow in Shallow River Bends[END_REF].

The water surface is not perpendicular to the gravity direction of the ship, which affects the stability of the ship during cornering. The surface current tends to own higher velocity and centrifugal force, flowing towards the concave bank, while the opposite is true for the bottom current, it flows to the convex bank due to the low velocity and centrifugal force. Eventually, a closed loop flow is formed coupled with the gravitational force and frictional resistance of the flow [START_REF] Booij | Modelling the Flow in Curved Tidal Channels and Rivers[END_REF][START_REF] Aseperi | Dynamics of flow in river bends[END_REF][START_REF] Huang | Three-Dimensional Numerical Modeling of Secondary Flows in a Wide Curved Channel[END_REF]. In this way, the submerged part of the ship is subjected to a longitudinal spiral current. Due to the presence of loop current, the currents in curved channels will generate lateral flow velocities which are the main cause of ship yaw. Besides, the free surface on both banks is divided into high and low levels owing to the bending of the main flow line, and it's often accompanied by abnormal water flows such as sweeping water, oblique flow and backflow, etc [START_REF] Esfahani | Effect of different meander curvatures on spatial variation of coherent turbulent flow structure inside ingoing multi-bend river meanders[END_REF][START_REF] Uddin | Flow and erosion at a bend in the braided Jamuna River[END_REF]. And what's more, this further causes uneven distribution of water depths between both banks. Commonly, the water depth on the concave bank side is larger, while the water depth on the convex bank side is smaller. The convex shore is often silted up to form a side beach with the sand mouth, sand feet and other silt, some of which lurk underwater and extend far into rivers [START_REF] Bridge | The interaction between channel geometry, water flow, sediment transport and deposition in braided rivers[END_REF][START_REF] Pagliara | Block Ramps in Curved Rivers: Morphology Analysis and Prototype Data Supported Design Criteria for Mild Bed Slopes[END_REF]. So upstream ships are liable to run aground when sailing along convex banks.

Because of the uneven distribution of water depth in the curved channel, the ship is more prone to shore suction and shore cushion [START_REF] Chen | Study of the curved inland effect to the ship's navigation and its countermeasures[END_REF][START_REF] Lo | Application of Computational Fluid Dynamics Simulations to the Analysis of Bank Effects in Restricted Waters[END_REF][START_REF] S.-J. Ma | Hydrodynamic interaction among hull, rudder and bank for a ship sailing along a bank in restricted waters[END_REF].

The complex flow characteristics is the root cause for the high accidental rate for ships' passing the bending zones, due to which the motion state of ships will be consequently changed, bringing enormous difficulty in ships' maneuvering.

Especially this is currently coupled with an increasingly larger size of vessels in inland waterways, and inland ships are always with more complex setups than seagoing ships. However, given the existing infrastructure (harbors, locks, inland waterways, ...) that have become restricted waters, this new generation of ships has severe maneuverability issues. The flow pattern around the ship hull will surely change under such situations owing to boundary constraints such as fairway bulkheads or quay bulkheads, and the associated ship hydrodynamics will likewise change dramatically [START_REF] Xu | Study on the squat of extra-large scale ship in the Three Gorges ship lock[END_REF][START_REF] Terziev | A geosim analysis of ship resistance decomposition and scale effects with the aid of CFD[END_REF]. As a result, the state of motion of ships will vary, making ship maneuverability extremely difficult. All of these above increase the risk of accidents for ships' navigating.

Till now, research on bending scales is insufficient, and there is no unified conclusion about how to set the bending scales safely and effectively. Importantly, when ships sail in shallow bending zones, the flow characteristics in such regions will also change accordingly [START_REF] Duman | A quick-responding technique for parameters of turning maneuver[END_REF][START_REF] Dong | Numerical Simulation of Ship Maneuvering on Bend Channel[END_REF], which makes it different from what it would be without ships navigating. Even so, many researchers have attempted research work in this area [START_REF] Huang | Three-Dimensional Numerical Modeling of Secondary Flows in a Wide Curved Channel[END_REF][START_REF] Uddin | Flow and erosion at a bend in the braided Jamuna River[END_REF][START_REF] Pagliara | Block Ramps in Curved Rivers: Morphology Analysis and Prototype Data Supported Design Criteria for Mild Bed Slopes[END_REF][START_REF] Chen | Study of the curved inland effect to the ship's navigation and its countermeasures[END_REF][START_REF] Chandra | Numerical Estimation of Shallow Water Resistance of a River-Sea Ship using CFD[END_REF][START_REF] Eloot | A methodology for evaluating the controllability of a ship navigating in a restricted channel[END_REF][START_REF] Nguyen | Applications of CFD in Hydraulics and River Engineering[END_REF][START_REF] Wanzheng | Navigation Ship's Drift Angle Determination Method in Curved Channel[END_REF][START_REF] Wanzheng Ai | A Study on Safe Ship Navigation in Curved Bridge Channel[END_REF][START_REF] -D | Simulation Study on Ship Turning in the Continuous Curved Channel[END_REF][START_REF] Xu1 | Simulation Study on Course Adaptive Control for Ship Navigating in Continuous Curved Channel[END_REF][START_REF] Zhuohao Guo | Thousand Ships and Thousands of Faces-Research on Navigation Evaluation Software of Curved Channel[END_REF]. Some research and analysis have been done on the water flow characteristics and sediment transport characteristics of curved rivers [START_REF] Vriend | Computation of the Flow in Shallow River Bends[END_REF][START_REF] Arifjanov | Distribution of river sediment in channels[END_REF]. The mechanism and characteristics of water movement in curved rivers have been basically known [START_REF] Vriend | A Mathematical Model Of Steady Flow In Curved Shallow Channels[END_REF][START_REF] Vriend | Computation of the Flow in Shallow River Bends[END_REF]. Later, a nonlinear closure submodel for predicting flow characteristics that overcomes the feedback of the commonly used linear closure submodels was studied by Koen Blanckaert and Huib J. de Vriend [2] so that the performance of depth-integrated models accounting for the secondary circulation in curved channels was improved. Nevertheless, most researchers are numerically concerned with the water flows in the bends without ships sailing. Few numerical investigations have looked at the details of the flow field in curves with ships sailing so far.

In recent years, combining experiments, Maslikova et al. [START_REF] Maslikova | The effect of flow velocity distribution on matter transport in a curved channel segment with the effect of moving ships taken into account[END_REF] proposed a model to describe the joint effect of a flow on curved banks, including in the process of rock thawing, and the impact of ship waves. Vujičić et al. [START_REF] Vujičić | Methodology for Controlling the Ship's Path during the Turn in Confined Waterways[END_REF] gave a practical and theoretical approach to assessing safe navigating in waterways based on expertise and experience, the aim of which is to propose a way of control for seamen working at sea. [START_REF] Ai | Analysis on Navigation Reliability of Curved Channel[END_REF] proposed some factors influencing the occurrence of accidents in curved channels and brought forward a formula to calculate the safe navigation probability when ships pass curved fairways. Then through theoretical analysis, Ai and Zhu [START_REF] Wanzheng | Navigation Ship's Drift Angle Determination Method in Curved Channel[END_REF] put forward a measurement equation for calculating drift angle by including a set of parameters like channel radius and water depth, etc. Li et al. [START_REF] Li | Curved water flow characteristics and its influence on navigation[END_REF] compared and analyzed the flow characteristics of currents in curved rivers with 3 different channel angles employing the CFD tool Fluent. Aseperi [START_REF] Aseperi | Dynamics of flow in river bends[END_REF] investigated the impact of curvature radius and inertial forces on the flow characteristics of an idealistic river bend with the CFD method. Lee et al. [START_REF] Lee | Assessment of Safe Navigation Including the Effect of Ship-Ship Interaction in Restricted Waterways[END_REF][START_REF] Lee | Investigation of ship maneuvering with hydrodynamic effects between ship and bank[END_REF][START_REF] Lee | The investigation of ship maneuvering with hydrodynamic effects between ships in curved narrow channel[END_REF] explored the ship's maneuvering motion centered on the hydrodynamic interaction effects of two large vessels traveling through a curved narrow channel with numerical calculations based on the PALMI island canal in Korea. Via this research, the influence of the speed ratio and the separation of two vessels were summarized and analyzed. Wang and Cheng [START_REF] Wang | Research on Navigable Ship Model Test in Curved Waterway[END_REF] performed a series of experiments under different conditions of bend flow and width of the curved fairway, through which the link between channel width and flow was outlined while a ship sails in bend scope. The results showed that the navigation breadth around the bend upwards is much narrower than down, and it becomes broader with velocity or flow angle increasing. Also, they gave advice on ship turning operations and peer safety management. However, there is no study of the effect of bending channels on ships' navigation, and whether ships' navigation has an effect on the flow behaviors around the ship in the bends. Except that Yang et al. [START_REF] Yang | Numerical investigation of the effect of confined curved waterways on ship hydrodynamics[END_REF][START_REF] Yang | Numerical investigation of the parameters that may seriously impact the ship control lability in restricted bending channels[END_REF][START_REF] Yang | CFD Method to Study Hydrodynamics Forces Acting on Ship Navigating in Confined Curved Channels with Current[END_REF] studied the influence brought by a series of key parameters in confined curved fairways on ship hydrodynamics via CFD technique, which helps understand the flow behavior around an inland ship in such sensitive waters.

Ai and Gan

The bank effect can be defined, when a ship is sailing along the bank (close to the bank wall) [START_REF] Evert | Experiment based mathematical modelling of ship-bank interaction[END_REF][START_REF] Lataire | The influence of the ship's speed and distance to an arbitrarily shaped bank on bank effects[END_REF][START_REF] Evert Lataire | Longitudinally Directed Bank Effects[END_REF][START_REF] Nakisa | Ship navigation effect on sedimentation in restricted waterways[END_REF], the hydrodynamic forces on port and starboard sides of the ship will be different, because the asymmetric flow around a ship induced by the vicinity of banks causes pressure differences between port and starboard sides. Many researchers have ever focused on this orientation [START_REF] Kobyliński | Bank effect and operation of inland waterways vessels[END_REF]. H. Yasukawa [START_REF] Yasukawa | Maneuvering hydrodynamic derivatives and course stability of a ship close to a bank[END_REF] utilized a basic analytical approach to study the course stability of a ship sailing close to a bank and obtained the hydrodynamic derivatives by captive model tests. Using a scale model of the KRISO very large crude carrier (KVLCC2), Liu et al. [START_REF] Liu | Experimental study on ship-bank interaction of very large crude carrier in shallow water[END_REF] carried out planar motion mechanism (PMM) tests in various water depths to evaluate the impact of ship-bank interaction on ship maneuvering motion. Șerban and Panaitescu [START_REF] Petru Sergiu | Simulation of ship to shore interaction in shallow and narrow waters[END_REF] gave a case study of ship-to-shore contact while a bulk carrier navigates a constrained channel in the Suez Canal at a variety of speeds. Sano et al. [START_REF] Sano | Directional stability of a ship in close proximity to channel wall[END_REF] investigated the impact of shallow water and bank effects on hydrodynamic force characteristics by captive model tests. Based on CFD analysis, Sian et al. [START_REF] Sian | Simultaneous ship-to-ship interaction and bank effect on a vessel in restricted water[END_REF][START_REF] Sian | Assessment of ship-bank interactions on LNG tanker in shallow water[END_REF] examines ship-bank interaction effects of a LNG tanker in shallow water by analyzing the hull hydrodynamic forces/moments and ship-bank interaction forces/moments. A mathematical model for bank effects was proposed in [START_REF] Evert | Experiment based mathematical modelling of ship-bank interaction[END_REF][START_REF] Lataire | The Influence of the ship's speed and distance to an arbitrarily shaped bank on bank effects[END_REF], which considers a longitudinal force and two sway forces at each perpendicular. However, the work above mainly focused on ships navigating in straight channels, and no research has ever investigated the bank effect of a ship navigating in curved fairways with considering various configurations. In curved fairways, a ship normally has to navigate close to the concave bank because of the larger water depth on this side.

Although the bending effect is similar to the bank effect in some ways, the flow in curves is greatly different. While the bending effect concerned in this work is induced by the special flow conditions in curves (caused by centrifugal force) that can greatly influence and change ship motion and hydrodynamic forces on ship. This is also the motivation of the current thesis.

Nowadays, the CFD technique has witnessed great progress and it has been adopted as a greatly effective tool to conduct explorations by researchers in both deep waters and confined shallow waters [START_REF] Jachowski | Assessment of ship squat in shallow water using CFD[END_REF][START_REF] Koop | Using CFD to determine scale effects on current loads of offshore vessels in side-by-side configuration[END_REF][START_REF] Zou | CFD PREDICTION AND VALIDATION OF SHIP-BANK INTERACTION IN A CANAL[END_REF][START_REF] Lee | Study on the course stability of very large vessels in shallow water using CFD[END_REF][START_REF] Stern | Recent progress in CFD for naval architecture and ocean engineering[END_REF][START_REF] Tezdogan | A numerical investigation of the squat and resistance of ships advancing through a canal using CFD[END_REF][START_REF] Tezdogan | Full-scale unsteady RANS CFD simulations of ship behaviour and performance in head seas due to slow steaming[END_REF][START_REF] Tezdogan | Full-scale unsteady RANS simulations of vertical ship motions in shallow water[END_REF][START_REF] Liu | Computational fluid dynamics prediction of hydrodynamic forces on a manoeuvring ship including effects of dynamic sinkage and trim[END_REF], because experiments not only are costly but also will omit the details of the flow field [START_REF] Katrien Eloot | Ship behaviour in Shallow and Confined Water: an Overview of Hydrodynamic Effects through EFD[END_REF][START_REF] Kramer | Experimental study of the effect of drift angle on a ship-like foil with varying aspect ratio and bottom edge shape[END_REF][START_REF] Mucha | An experimental study on the effect of confined water on resistance and propulsion of an inland waterway ship[END_REF], while numerical research with CFD both costs less and contributes to 3D analyzing of the flow mechanisms [START_REF] Liu | CFD prediction of ship-bank interaction for KCS under extreme conditions[END_REF][START_REF] Liu | CFD-based numerical simulation of pure sway tests in shallow water towing tank[END_REF][START_REF] Song | Validation of the CFD approach for modelling roughness effect on ship resistance[END_REF].

Seemontini Roy Choudhury et al. [START_REF] Roychoudhury | CFD simulations of steady drift and yaw motions in deep and shallow water[END_REF] researched steady motions of drift and yaw based on a specific crude ship with the CFD solver SHIPFLOW both in deep and shallow waters, and the simulation results were in agreement with those from experiments. Ivan Shevchuk and Nikolai Kornev [START_REF] Ivan Shevchuk | STUDY OF UNSTEADY HYDRODYNAMIC EFFECTS IN THE STERN AREA OF RIVER CRUISERS IN SHALLOW WATER[END_REF] assessed the effect of shallow water conditions on ship hull vibration hydrodynamic exciters with the CFD tool OpenFOAM, through which it is found that the ship's stern may be affected by intermittent pressures and moments due to the depth limit.

Lu Zou et al. [START_REF] Zou | Computational fluid dynamics (CFD) prediction of bank effects including verification and validation[END_REF] utilized CFD methods to study the bank effects on a tanker hull by considering varying water depths, ship-to-bank distances and bank geometries, and conducted verification and validation by a grid convergence survey for assessing the accuracy in numerical calculations. Momchil Terziev combined the CFD method with Slender-Body theory and empirical methods to research the behavior and performance of the DTC container ship passing through shallow restricted waters, and found good agreement among different methods when the ship navigates at low speed [START_REF] Terziev | Numerical investigation of the behaviour and performance of ships advancing through restricted shallow waters[END_REF].

Besides, Du et al. investigated the resistance, ship-generated waves [START_REF] Du | Resistance and wave characterizations of inland vessels in the fully-confined waterway[END_REF] and ship maneuverability [START_REF] Du | Simulation of ship maneuvering in a confined waterway using a nonlinear model based on optimization techniques[END_REF] of inland ships in confined straight waterways based on numerical simulations. Tezdogan et al. [START_REF] Tezdogan | A numerical investigation of the squat and resistance of ships advancing through a canal using CFD[END_REF] utilized the CFD tool STARCCM+ to predict the squat and resistance of a model container ship under different ship drafts and ship speeds. Their numerical results were highly consistent with experimental ones. After this, they conducted a computational analysis of ship movements in shallow water to model the ship's heave and pitch reactions to head waves [START_REF] Tezdogan | Full-scale unsteady RANS simulations of vertical ship motions in shallow water[END_REF].

Subsequently, a parametric comparison of the behavior and efficiency prediction techniques in shallow waters was carried out by [START_REF] Terziev | Numerical investigation of the behaviour and performance of ships advancing through restricted shallow waters[END_REF], the key goal of which is to determine how a change in channel topography affects ship sinkage, trim, and resistance.

With the CFD method, Kaidi et al. numerically investigated the effect of the bank-propeller-hull relationship on ship maneuvering [START_REF] Kaidi | Numerical estimation of bankpropeller-hull interaction effect on ship manoeuvring using CFD method[END_REF]. After that, they studied the impact of confined waters on force interaction between hull, propeller, and rudders of an inland container ship [START_REF] Sami Kaidi | NUMERICAL INVESTIGATION OF THE IMPACT OF THE INLAND TRANSPORT ON BED EROSION AND TRANSPORT OF SUSPENDED SEDIMENT[END_REF][START_REF] Kaidi | CFD Investigation of Mutual Interaction between Hull, Propellers, and Rudders for an Inland Container Ship in Deep, Very Deep, Shallow, and Very Shallow Waters[END_REF]. Also, Razgallah et al. looked at how free surface simulation affected ship hydrodynamic forces in inland channels, taking into account varying water depths, ship speeds, and even drift angle [START_REF] Razgallah | The impact of free surface modelling on hydrodynamic forces for ship navigating in inland waterways: water depth, drift angle, and ship speed effect[END_REF][START_REF] Razgallah | Experimental Study of the Impact of Drift, Depth, and Lateral Restrictions on Inland Ship-Induced Waves under Small and Moderate Ship Speeds[END_REF]. More recently, they checked the capacity of the CFD method for modeling and measuring the impact of mud on the hydrodynamic loads exerted on the vessel [START_REF] Kaidi | Numerical modelling of the muddy layer effect on Ship's resistance and squat[END_REF]. Compared with the results from experiments, their results showed good agreement, which proves the ability of the CFD system to replicate difficult-to-achieve configurations in a towing tank. Also, Bechthold and Kastens [START_REF] Bechthold | Robustness and quality of squat predictions in extreme shallow water conditions based on RANS-calculations[END_REF] simulated the sinkage and trim of 3 postpanamax of neopanamax container ships in confined shallow waters by virtue of STARCCM+.

Their results displayed reliable uniformity when compared with model test data. To evaluate the relative effects of canal depth and/or width constraints on the overall ship sailing performance, Khaled Elsherbiny et al. analyzed hydrodynamic phenomena of ships sailing through the Suez Canal in the permitted speed range utilizing STARCCM+ [START_REF] Elsherbiny | Numerical and experimental study on hydrodynamic performance of ships advancing through different canals[END_REF][START_REF] Elsherbiny | Experimental analysis of the squat of ships advancing through the New Suez Canal[END_REF]. Finally, a clear correlation between the canal's cross-section and all the parameters studied was revealed.

Motivation and research objectives

The chief objective of this thesis is to improve the inland ship navigator. In order to achieve this, a numerical investigation about the hydrodynamic forces and moment acting on ship in restricted curved waterways is carried out. A range of key parameters The navigational environment parameters considered are channel angles(α), channel bottom width(W) and channel slope angle (γ); parameters of ship behaviors and geometry are water depth to draft ratio(h/T), ship speed(Vs), ship's drift angle(β), and ship type. Then the force and moment variations are fitted and analyzed to check whether they can be expressded by simplified formulas. Finally, the inland ship simulator developed in CEREMA can be improved by adding the bending zone effect for pilots so that the behaviors of ships in the sensitive regions can thus be corrected.

The proposed approach is based on a sensitivity analysis (conducted by CFD calculations) of these factors on the hydrodynamic forces undergone by ships.

However, we will limit ourselves to the case of a circular channel with no current flow and traveled by a ship.

Methodology

This thesis highlights the factors that can influence the ship navigability in restricted channels. Here the circular canal cases are clearly pointed out that are potentially more dangerous on the aspects of controllability of the ship due to restricting geometry dimensions.

The equilibrium of a ship is governed by the fundamental principle of dynamics and can be expressed through the following two mathematical relations in equation (1.1):

𝑚 𝑑 2 𝑢 𝑑𝑡 2 = 𝐹 𝑝𝑖𝑙𝑜𝑡 + 𝐹 ℎ𝑦𝑑𝑟𝑜 , ℶ| 𝐺 𝑑 2 ∅ 𝑑𝑡 2 = 𝑀 𝑝𝑖𝑙𝑜𝑡 (𝐺) + 𝑀 ℎ𝑦𝑑𝑟𝑜 (𝐺) (1.1)
We respectively denote by 𝑚 and ℶ| 𝐺 the mass and the inertia of the ship taken at its center of mass 𝐺. The forces 𝐹 and resulting moments 𝑀 are here decomposed in two major contributions. We distinguish the forces and torques controlled by the pilot through the controls of the rudder and propeller (see equation 1.2):

𝐹 𝑝𝑖𝑙𝑜𝑡 = 𝐹 𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟 + 𝐹 𝑟𝑢𝑑𝑑𝑒𝑟 , 𝑀 𝑝𝑖𝑙𝑜𝑡 (𝐺) = 𝑀 𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟 (𝐺) + 𝑀 𝑟𝑢𝑑𝑑𝑒𝑟 (𝐺) (1.2)
The hydrodynamic-related external contributions resulting from the vessel's interaction with the surrounding fluid flow [START_REF] Ueno | On Steady Drifting Motion of a Ship in Waves[END_REF][START_REF] Wang | System identification modelling of ship manoeuvring motion based on ε-support vector regression[END_REF][START_REF] Wang | System identification modeling of ship manoeuvring motion in 4 degrees of freedom based on support vector machines[END_REF][START_REF] Yang | A numerical study on flow field and maneuvering derivatives of KVLCC2 model at drift condition[END_REF][START_REF] Zhang | Identification of Abkowitz Model for Ship Manoeuvring Motion Using ε -Support Vector Regression[END_REF], which is expressed in equation (1.3):

𝐹 ℎ𝑦𝑑𝑟𝑜 = 𝐹 𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 + 𝐹 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 + 𝐹 𝑠𝑤𝑎𝑦 , 𝑀 ℎ𝑦𝑑𝑟𝑜 (𝐺) = 𝑀 𝑦𝑎𝑤 (𝐺) + 𝑀 𝑝𝑖𝑡𝑐ℎ (𝐺) + 𝑀 𝑟𝑜𝑙𝑙 (𝐺) (1.3)

The forces and moments are illustrated in Fig 1 . 2. Each component of force and moment is generally associated with a dimensionless coefficient which allows, among other things, to facilitate the comparison between different geometries and between theory and measurements [START_REF] Poojari | Maneuverability Assessment of a Container Ship using Steady RANS Method[END_REF][START_REF] Taimuri | A 6-DoF maneuvering model for the rapid estimation of hydrodynamic actions in deep and shallow waters[END_REF][START_REF] Tang | Numerical investigation of the maneuverability of ships advancing in the non-uniform flow and shallow water areas[END_REF]. The main coefficients are generally linked to the buoyancy 𝐶 𝑧 , to the resistance 𝐶 𝑥 and to the yaw moment 𝐶 𝑚 .

The equilibrium equations (1.1) and (1.2) reflect a subtle balance between hydrodynamic forces and pilot actions. The controllability of the ship requires that the manoeuvering margin available to the pilot through the rudder and the propeller (engine speed) is such that it makes it possible to counter any hydrodynamic contribution that would make dangerously deviate the ship from its path [START_REF] Jian-Chuan | Parametric Identification of Abkowitz Model for Ship Maneuvering Motion by Using Partial Least Squares Regression[END_REF][START_REF] Du | Simulation of the overtaking maneuver between two ships using the non-linear maneuvering model[END_REF]. For example, an increase in resistance can have an impact on the ability to pull up a local current effect and also on fuel consumption (environmental impact), a reduction in buoyancy may be at the origin of an over-sinking of the ship with the risk of hitting the bottom (squat effect). At least a significant variation in the hydrodynamic yaw moment can cause a ship to yaw put across the channel, for example, a recent accident has happened to the Evergreen ship in Suez Canal, which blocked traffic [START_REF] Sandeepkumar | A unified ship manoeuvring model with a nonlinear model predictive controller for path following in regular waves[END_REF][START_REF] Duffy | Modelling of Ship-Bank Interaction and Ship Squat for Ship-Handling Simulation[END_REF][234].

Another important parameter is related to the inertia effects that characterize the reaction time of a pilot action (typically propeller thrust) but this study is not considered here in this article.

The proposed approach is based on a sensitivity analysis (conducted by CFD calculations) of these factors on the hydrodynamic forces undergone by ships. However, this thesis will limit itself to the case of a circular channel with no current flow and traveled by a ship. This thesis doesn't focus on the transient response, but concentrates on the drag convergence because of a series of fixed values of h/T ratios.

Decomposition of hydrodynamic forces and moment

Hydrodynamic forces and moment acting on a ship navigating through water can be normally divided into two components, that is, pressure component and frictional component [START_REF] Yeon | Study of the lift effect on wind load estimation for a semi-submersible rig using the maritime atmospheric boundary layer model[END_REF][START_REF] Sighard | Fluid Dynamic Drag, Practical Information on Aerodynamic Drag and Hydrodynamic Resistance[END_REF].

The cause of frictional component is the friction between the fluid and the surfaces over which it is flowing. This friction scales with Reynolds number and is related to the development of boundary layers [START_REF] Lee | Study on steady flow approximation in turning simulation of ship in waves[END_REF][START_REF] Loken | Slow drift oscillations of a ship in irregular waves[END_REF][START_REF] Zhang | Numerical study on waveinduced motions and steady wave drift forces for ships in oblique waves[END_REF]. While the pressure component is motivated by the eddying movements that are set up in the fluid by the passage of the ship hull. It is often less sensitive to Reynolds number than the frictional drag and is connected to the development of a wake, which can be easily observed behind a passing ship (see Fig 1 . 3) [START_REF] Liu | Computational fluid dynamics prediction of hydrodynamic forces on a manoeuvring ship including effects of dynamic sinkage and trim[END_REF][START_REF] Mahesh | Direct numerical and large-eddy simulation of complex turbulent flows[END_REF].

The difference between the two different kinds of force components is quite useful, because the two types are due to different flow phenomena [START_REF] Ivan Shevchuk | STUDY OF UNSTEADY HYDRODYNAMIC EFFECTS IN THE STERN AREA OF RIVER CRUISERS IN SHALLOW WATER[END_REF][START_REF] Du | Bubble characterizations on hydrophobic surface using Lattice Boltzmann simulation with large density ratios[END_REF][START_REF] Shevchuk | A study of unsteady hydrodynamic effects in the stern area of river cruisers in shallow water[END_REF][START_REF] Kashiwagi | Wave drift forces and moments on two ships arranged side by side in waves[END_REF]. For attached flows (where there is no separation), the frictional component is significant and is correlated with the surface area exposed to the flow. For separated flows, the pressure component is crucial, because it is correlated with the cross-sectional area of the body [START_REF] Esfahani | Effect of different meander curvatures on spatial variation of coherent turbulent flow structure inside ingoing multi-bend river meanders[END_REF][START_REF] Du | Simulation of ship maneuvering in a confined waterway using a nonlinear model based on optimization techniques[END_REF][START_REF] Du | Maintenance of air layer and drag reduction on superhydrophobic surface[END_REF]. Source: [START_REF] Roˇzman | Wake pattern of a boat[END_REF] 1.4 Outline of this thesis This thesis is organized as follows:

-Chapter 2 describes the mathematical and numerical methods utilized in this thesis. The fundamental equations adopted are illustrated; numerical methods including finite volume method, algebraic multigrid method and boundary conditions are explained; then turbulence models used are illustrated and compared to choose the most proper one for this work; after that, the VOF method used to simulate free surface is presented, and overset mesh approach is narrated via a real simulation done in this thesis.

-Chapter 3 concentrates on the verification and validation of the CFD model. In this chapter, numerical settings of the simulations in this thesis are first introduced; then mesh generation process for the CFD model is specified to select the optimum mesh settings, and y + is also verified; finally, validation of the current numerical model is executed. Experiments conducted in the towing tank of Liege university and the same simulations done with the numerical model are described respectively. The comparison between simulation and experimental results is able to prove the reliability of the current CFD model. Besides, the initial conditions and solver settings for simulations in this thesis are presented.

-Chapter 4 firstly introduces some key parameters that are only related to navigational environment, that is, channel angle (α), channel bottom width (W), and channel slope angle (β). Then simulation case settings based on these parameters are set up. Finally, the effects brought by these parameters on ship hydrodynamics are investigated and analyzed in detail.

-Chapter 5 depicts some key parameters that are relevant with ship behaviors and geometry, that is, h/T ratio, ship speed (Vs), drift angle (β), ship type. Then the simulation case settings concerned with these parameters are arranged. Finally, the effect induced by these parameters on ship hydrodynamics are researched and tested explicitly. Then propellers and rudders are considered to investigate the equilibrium of moment by the two devices under different ship drift angles.

-Chapter 6 first introduces the developing course of ship bridge simulators; then Abkowitz model and MMG model are presented in detail; next, the simulation results obtained in previous sections have been fitted as fitting surfaces and will be integrated into the programming codes of the inland ship simulator of CEREMA.

-Chapter 7 draws conclusions of this thesis and also proposes some advice for future work. 

Mathematical models and numerical methods

Governing equations

Fluid flow is governed by the law of conservation of mass, the law of conservation of momentum and the law of conservation of energy, which are the mathematical description of these conservation laws, called the governing equations.

Governing equations are the foundations of solving for fluid motion. The flow field of the ship's maneuvering motion can be considered as incompressible flow, where the heat exchange is so small that it can be ignored, and the law of conservation of energy is not considered.

General form of conservation law

Fluid flow is governed by the laws of physical conservation, and the basic conservation laws include: the law of conservation of mass, the law of conservation of momentum and the law of conservation of energy. The general law of conservation for 𝒳 is shown in equation (2.1). If 𝒳 change with the density 𝜌, then the mass conservation equation will be got; if 𝒳 equals momentum, then Navier-Stokes equation will be acquired; if 𝒳 is the energy, then the first thermal dynamic principle will be gained.

𝑑 𝑑𝑡 ∭ 𝒳𝑑𝒱 𝒱 𝑚 (𝑡) = { 0 ← if 𝒳 ≡ 𝜌 ← Mass ∑ℱ ext ← if 𝒳 ≡ 𝜌V ← QDM 𝑑𝒲/𝑑𝑡 + 𝑑𝒬/𝑑𝑡 ← if 𝒳 ≡ 𝜌E ← 𝐸𝑛𝑒𝑟𝑔𝑦 (2.1)
For ship maneuvering, the entire flow field is a three-dimensional, viscous, incompressible fluid flow. Therefore, only the laws of conservation of mass and momentum need to be considered. These conservation laws can be described by a set of hydrodynamic partial differential equations, called the governing equations [START_REF] Klostermann | Numerical simulation of a single rising bubble by VOF with surface compression[END_REF].

Conservation equations with mesh motion

In both solid mechanics and fluid mechanics, mesh motion has several meanings.

In solid mechanics, a Lagrangian formulation is used to represent a component of the solid body inside the computational domain. As a result, the solid mesh's motion is the same as the solid body's motion. By using an Eulerian description, fluid mechanics makes use of a section of the computational domain to describe a region of space where material moves. In this situation, the fluid mesh can be adjusted to consider changes in the shape and location of the boundaries, such as those caused by the movement of nearby bodies.

The conservation equations are changed by mesh motion by including an extra flux in the convective terms. Additionally, the momentum equation considers the fictitious forces resulting from the non-inertial reference frame, if motion is defined with regards to a moving reference frame.

Considering the most common case, where the mesh motion is defined with regards to a reference frame that is moving relative to the laboratory reference frame. Where, 𝜌 is density of fluid; 𝑢, 𝑣 and 𝑤 are spatial velocity components in 𝑥, 𝑦 and 𝑧 directions respectively.

Navier-Stokes equation

Navier-Stokes equation is also called the conservation of momentum equation.

According to the definition of the law of conservation of momentum: the resultant force of the external forces acting on a fluid micro-element is equal to the changing rate of the momentum of the fluid micro-element with respect to time. On condition that the mass force is apart from consideration, the following equation can be obtained [START_REF] López | Optimisation of turbineinduced damping for an OWC wave energy converter using a RANS-VOF numerical model[END_REF][START_REF] Park | Hull Form Optimization Study Based on Multiple Parametric Modification Curves and Free Surface Reynolds-Averaged Navier-Stokes (RANS) Solver[END_REF] [START_REF] Lo | Application of Computational Fluid Dynamics Simulations to the Analysis of Bank Effects in Restricted Waters[END_REF][START_REF] Zou | Computational fluid dynamics (CFD) prediction of bank effects including verification and validation[END_REF][START_REF] Kok | Multiple Approaches to Numerical Modeling of Container Ship Squat in Confined Water[END_REF][START_REF] Oggiano | Comparison of Experiments and CFD Simulations of a Braceless Concrete Semisubmersible Platform[END_REF][START_REF] Zou | Numerical predictions of ship-to-ship interaction in shallow water[END_REF].

The basic idea of CFD that comes from fluid mechanics theory, is to replace a field of physical quantities that are continuous in the time and space domains by a collection of variable values at a finite number of discrete points, and an algebraic system of equations for the relationship between the field variables at the relevant discrete points can be established by means of certain principles and methods. The algebraic equations are then solved to obtain the approximate values of the field variables. So the method makes it possible to simulate various complex flow fields including the flow fields around ships. Concretely, based on the physical problems described, the mathematical model of the ship's bypass field in navigation is reasonably constructed under certain assumptions. The controlling equations of the (2.6) fluid motion around the ship are solved using relevant numerical calculation methods to obtain the ship's bypass field, and the hydrodynamic forces acting on the ship's hull are calculated [START_REF] Kim | A high-fidelity CFD-based model for the prediction of ship manoeuvrability in currents[END_REF][START_REF] Kim | CFD-based hydrodynamic analyses of ship course keeping control and turning performance in irregular waves[END_REF].

Compared with model tests, CFD methods are more informative, less costly, shorter, easier to parallelize, and can achieve faster response time [START_REF] Carrica | Direct simulation and experimental study of zigzag maneuver of KCS in shallow water[END_REF][START_REF] Chen | Experimental investigation of practical autopilots for maritime autonomous surface ships in shallow water[END_REF]. It has become an increasingly important auxiliary tool in ship design because of its characteristics and advantages such as rapid response. The application will be of great importance for optimizing ship-related design and shortening performance forecasting cycles. Specifically, the flow of both the whole space and local areas can be displayed and examined, and a lot of information including pressure, velocity and streamlines around the ship can be revealed.

Secondly, mechanistic exploratory studies are more feasible. CFD technology has clear advantages in terms of microscopic, mechanistic investigation. Researchers using CFD tools will have a positive effect on improving designs by understanding the mechanisms by which new technological measures can improve performance.

Last but not the least, analytical calculations can be performed for solid dimensions. Due to the difference in scale between models and the entities, the scale effects exist, so model-entity correlation analysis must be performed in order to have model test results to predict the performances of entities. While the CFD technique allows the prediction of performance at the entity scale, making the prediction of entity performance more reasonable. The application of CFD technology allows for the prediction of performance at the solid scale, making the prediction of solid performance more reasonable.

With the development of computer technology and the innovation of theoretical and numerical calculation methods, CFD is gradually replacing some of the classical fluid mechanics approximate calculation methods and graphical methods. Due to the possibility of varying of ship types and conditions, the method allows a series of calculations to be easily and efficiently performed to investigate the effects of specific conditions on the ship's hydrodynamic effects of specific conditions, so it is currently widely used in the field of hydraulic engineering (ship hydrodynamics), marine structural engineering, etc. This also provides a way to carry out research on ship hydrodynamics in restricted inland waterways. CFD solution process is divided into three parts: pre-processing, iterative solver and post-processing, which correspond to three program modules: pre-processor, solver and post-processor [START_REF] Linde | 3D modelling of ship resistance in restricted waterways and application to an inland eco-driving prototype[END_REF]. The pre-processing is the creation of the computational domain mesh, including both geometric modelling and partitioning of the mesh, and it is also used for defining boundary conditions and for numerical data input. Iterative solution is to discretize the control equations using effective discretization methods, and then calculate the partial differential equations after discretization. There are three main types of discretization methods: the finite difference method, the finite element method and the finite volume method, which will be described in a later section. The post-processing mainly helps engineers carry out subsequent data processing, which not only improves the efficiency of data processing in simulations, but also enables engineers to visualize and analyze the calculation results. The specific CFD computation procedures are illustrated in Fig 2 .   1. 

Brief overview of finite volume method

The finite volume method, which is used widely in CFD, was proposed by Maccormack [START_REF] Maccormack | Computational efficiency achieved by time splitting of finite difference operators[END_REF] in the year 1972.

The basic idea of the finite volume method is that the computational domain space is divided into a finite number of grids, and each grid is a control body, so that each grid point is surrounded by a control body that does not duplicate each other [START_REF] Jasak | Error Analysis and Estimation for the Finite Volume Method with Applications to Fluid Flows[END_REF][START_REF] Ohmori | Finite-volume simulation of flows about a ship in maneuvering motion[END_REF]. The partial differential equations to be solved (the governing equations) are integrated for each control body, and the Gaussian divergence theorem is applied to obtain a set of discretization equations expressed in integral forms, with the variables on the grid nodes being the unknown quantities to be solved. For the finite volume method, the grid node is taken to be the volume center of the mesh cell.

An elementary cell (denoted by e) that is in polygon type with n facets (segments) on its contour is isolated from the computational domain, and then the conservation laws are applied to the individual cell. 

∂ ∂𝑡 ∬ 𝒱 𝑒 𝜙𝑑𝒱 = -∮ 𝒮 𝑒 𝐅 ⋅ 𝐧𝑑𝒮 + ∬ 𝒱 𝑒 𝑆 𝜙 𝑑𝒱 (2.7)
Where 𝐅 is the flux that goes through each frontier; 𝑆 𝜙 is volume force.

According to average-size approach, there is (see Fig 2 . 2) :

𝜙 𝑒 = 1 𝒱 𝑒 ∬ 𝒱 𝑒 𝜙𝑑𝒱 𝐅 𝑗 = 1 𝒮 𝑗 ∫ 𝒮 𝑗

𝐅𝑑𝒮

Based on Finite Volume Method, there is (see Fig 2 . 3):

(2.8)

(2.9)

∂𝜙 𝑒 ∂𝑡 = - 1 𝒱 𝑒 ∑ 𝑛 𝑗 (𝐅 𝑗 ⋅ 𝐧 𝑗 𝒮 𝑗 ) 𝑒 + 1 𝒱 𝑒 (𝑆 𝜙 ) 𝑒 ∂𝜙 𝑒 ∂𝑡 𝒱 𝑒 = -(𝐅 1 ⋅ 𝐧 1 𝒮 1 + 𝐅 2 ⋅ 𝐧 2 𝒮 2 + ⋯ + 𝐅 6 ⋅ 𝐧 6 𝒮 6 ) + 𝑆 𝜙
The equation (2.10) will be calculated from cell to cell as a loop. Then a set of linear algebraic equations will be acquired, where the total number of unknowns in every equation system correspond to the number of cells. Finally, the resulting linear equations are solved with an algebraic multigrid solver. 

Boundary conditions

The control equations normally allow for an infinite number of possible solutions.

A complete mathematical description for CFD problems must therefore include both (2.10)

(2.11)
the controlling equations and the corresponding boundary conditions, so that the solution of fluid field is unique.

STARCCM+ provides a variety of boundary conditions that cover many practical situations for Newtonian flow. Boundary conditions enable the flow to enter or to leave the domain. Each boundary has its own properties, for example, the flow can be confined or blocked by a wall [START_REF] Blais | A semiimplicit immersed boundary method and its application to viscous mixing[END_REF]. By using symmetry or periodic boundary conditions, the geometry can be simplified and the runtime of the simulation can be reduced. The boundaries at the interface of one region and its neighbor are coincident in space. The specific boundary conditions used in this thesis are summarized as follows (Source: STARCCM+ user's guidelines):

1) Velocity inlet

The velocity inlet boundary is usually used as an inflow condition, where the distributions of velocity and fluid properties are known. At this inflow boundary, the conditions are prescribed and used to calculate the inlet volume flux as well as the fluxes of momentum and energy.

For any velocity inlet boundary, the variables: velocity (with respect to a reference frame), inflow direction, and static temperature should be specified. Because it's valid for both incompressible and compressible flows, the following values will be imposed or computed at the boundary depending on the flow situation: Velocity, static pressure, static temperature.

2) Pressure outlet

The pressure outlet boundary is an outflow condition which imposes the working pressure. This boundary pressure can be considered as the static pressure of the environment into which the fluid enters. In normal outflow conditions, the boundary face values of all other variables such as velocity or temperature are extrapolated from the interior of the solution domain.

3) Symmetry plane

A symmetry plane boundary represents an imaginary plane of symmetry in the simulation. Normally, it's used to reduce the extent of the computational domain in locations where the geometry and the flow are symmetric. Besides, it can also be used as a planar "slip wall" with the shear stress being zero.

4) Wall

A wall boundary represents an impermeable surface that confines fluid or solid regions. Generally, it's used to model different types of walls. For viscous flows, the no-slip condition is applied by default. The no-slip conditions means that the fluid sticks to the wall and moves with the same velocity as the wall. Thus, for a stationary wall, the fluid has zero velocity at the wall. While modelling the motion of a wall can be achieved by specifying a tangential velocity component. Depending on the geometry, it's possible to model a translational or rotational motion of the wall in the plane of the boundary.

For the no-slip condition, this means that the fluid moves at the same velocity as the specified tangential velocity component. Alternatively, the wall can be modelled as a slip wall representing an impenetrable but traction-free surface.

Turbulence modelling

Turbulence is extremely common in engineering practice, which is caused by the viscosity of fluid. In turbulent flow, fluid particles all move in a disorderly manner, and the physical quantities such as velocity and pressure change randomly with time and space. Therefore, turbulence is a highly non-linear and complex flow, and it involves the movement of fluids on many spatial and temporal scales, from the microscopic to the macroscopic, and its structure and mechanisms of generation are still unclear. The understanding of people on it is still in the process of deepening.

In CFD simulations, if no turbulence model is activated, then the exact turbulence equation will be solved, and in turn non-stationary turbulence results will be obtained.

To get time-averaged results, turbulence models need to be applied, because turbulence model is able to cancel the non-stationary response. For DNS, there is no turbulence model used, and all the turbulence scales which are non-stationary can be observed, so it can be really expensive. For LES, only large turbulence scales are got.

For RANS, there is no turbulence observed (See Although relatively accurate calculation results can be obtained theoretically, this method requires high computer hardware and is not currently available for engineering calculations. While non-direct numerical simulation doesn't require calculating the pulsation characteristics of turbulence directly, but seeks for an approximation or simplification of turbulence to a certain extent, after which the approximate mathematical expression of the control equations is calculated numerically [START_REF] Wang | Numerical simulations of zigzag maneuver of free running ship in waves by RANS-Overset grid method[END_REF][START_REF] Shen | Simulation of wave propagation over a submerged bar using the VOF method with a two-equation k-ε turbulence modeling[END_REF]. Therefore, it is not possible to take into account all the factors affecting the structure and mechanism of turbulence, and their scope of application is narrow and is lacking in universality, which makes it very important to choose a suitable turbulence model according to the characteristics of the actual flow.

In non-direct numerical simulation method, the large eddy simulation (LES) [START_REF] Senecal | An Investigation of Grid Convergence for Spray Simulations using an LES Turbulence Model[END_REF] and RANS are the most widely used [START_REF] Sakamoto | URANS simulations of static and dynamic maneuvering for surface combatant: part 1. Verification and validation for forces, moment, and hydrodynamic derivatives[END_REF][START_REF] Zhang | Numerical simulation of wave-current interaction using a RANS solver[END_REF]. The large eddy simulation method (LES) uses direct numerical simulations to calculate the motion of turbulent eddies larger than the grid scale, and simulates the effect of small-scale turbulent vortex motion on large-scale turbulent vortices based on an approximate model. This method requires less computer memory and computational speed than the DNS method [START_REF] Roohi | Numerical simulation of cavitation around a two-dimensional hydrofoil using VOF method and LES turbulence model[END_REF].

The requirement for computer memory and computational speed of this method is lower than the DNS method, but is actually still very high. While Reynolds-Averaging Navier-Stokes (RANS) method focuses only on the changes in the mean characteristics of the flow field due to turbulence, but ignores the details of turbulent pulsations [START_REF] Yao | RANS simulation of the flow around a tanker in forced motion[END_REF]. The Reynolds-averaged N-S (RANS) equations are obtained by time-averaging the transient values of the physical quantities in the N-S equation, which is then solved numerically. However, among these approximation methods, the RANS method can greatly reduce the computational cost and improve the computational efficiency, while ensuring a certain degree of computational accuracy [START_REF] Edwards | Development of a One-Equation Transition/Turbulence Model[END_REF]. It is currently the mainstream method for calculating the 3D viscous flow fields of ships. Considering a balance between the advantages and disadvantages, RANS method is adopted in this work. 

∂ 2 𝑢 ∂𝑥 2 + ∂ 2 𝑢 ∂𝑦 2 + ∂ 2 𝑢 ∂𝑧 2 ) + [ ∂(-𝜌𝑢 ′ 𝑢 ′ ̅̅̅̅̅̅̅ ) ∂𝑥 + ∂(-𝜌𝑢 ′ 𝑣 ′ ̅̅̅̅̅̅ ) ∂𝑦 + ∂(-𝜌𝑢 ′ 𝑤 ′ ̅̅̅̅̅̅̅ ) ∂𝑧 ] 𝜌 ( ∂(𝑣) ∂𝑡 + ∂(𝑣𝑢) ∂𝑥 + ∂(𝑣𝑣) ∂𝑦 + ∂(𝑣𝑤) ∂𝑧 ) = - ∂𝑝 ∂𝑦 + 𝜇 ( ∂ 2 𝑣 ∂𝑥 2 + ∂ 2 𝑣 ∂𝑦 2 + ∂ 2 𝑣 ∂𝑧 2 ) + [ ∂(-𝜌𝑢 ′ 𝑣 ′ ̅̅̅̅̅̅ ) ∂𝑥 + ∂(-𝜌𝑣 ′ 𝑣 ′ ̅̅̅̅̅̅ ) ∂𝑦 + ∂(-𝜌𝑣 ′ 𝑤 ′ ̅̅̅̅̅̅̅ ) ∂𝑧 ] 𝜌 ( ∂(𝑤) ∂𝑡 + ∂(𝑤𝑢) ∂𝑥 + ∂(𝑤𝑣) ∂𝑦 + ∂(𝑤𝑤) ∂𝑧 ) = - ∂𝑝 ∂𝑧 + 𝜇 ( ∂ 2 𝑤 ∂𝑥 2 + ∂ 2 𝑤 ∂𝑦 2 + ∂ 2 𝑤 ∂𝑧 2 ) + [ ∂(-𝜌𝑢 ′ 𝑤 ′ ̅̅̅̅̅̅̅ ) ∂𝑥 + ∂(-𝜌𝑣 ′ 𝑤 ′ ̅̅̅̅̅̅̅ ) ∂𝑦 + ∂(-𝜌𝑤 ′ 𝑤 ′ ̅̅̅̅̅̅̅̅ ) ∂𝑧 ]
(2.12)

Where, -𝜌𝑢 

-𝜌𝑢 𝑖 ′ 𝑢 𝑗 ′ ¯= 𝜏 𝑖𝑗 = 𝜇 𝑡 ( ∂𝑢 𝑖 ∂𝑥 𝑗 + ∂𝑢 𝑗 ∂𝑥 𝑖 ) - 2 3 𝜌𝑘𝛿 𝑖𝑗 , (𝑖, 𝑗 = 1,2,3) (2.14)
Where, 𝜇 𝑡 is turbulent dynamic viscosity coefficient; 𝑘 is turbulent kinetic energy, which can be defined as: 

𝑘 = 1 2 𝑢 𝑖 ′ 𝑢 𝑖 ′ ̅̅̅̅̅̅ = 1 2 (𝑢 1 ′2 ̅̅̅̅ + 𝑢 2 ′2 ̅̅̅̅ + 𝑢 3 ′2 ̅̅̅̅ ) (2.

Standard k-ε Model

To closed RANS equation, 𝑘 -ε turbulence model is applied due to the fact that the two-equation turbulence model is one of the most widely utilized in numerical calculations of viscous hydrodynamics of ships (𝑘 is turbulent kinetic energy, and ε is turbulent kinetic dissipation rate). For incompressible fluid, standard 𝑘 -ε turbulence model can be expressed [START_REF] Sokolichin | Applicability of the standard k-ε turbulence model to the dynamic simulation of bubble columns: Part I. Detailed numerical simulations[END_REF][START_REF] Richards | Appropriate boundary conditions for computational wind engineering models using the k-ε turbulence model[END_REF]: 

∂(𝜌𝑘) ∂𝑡 + ∂(
𝐺 𝑘 = 𝜇 𝑡 𝑆 2 𝑆 = √ 2𝑆 𝑖𝑗 𝑆 𝑖𝑗 𝑆 𝑖𝑗 = 1 2 ( ∂𝑢 ̅ 𝑖 ∂𝑥 𝑗 + ∂𝑢 ̅ 𝑗 ∂𝑥 𝑖 ) (2.22)
Where 𝜎 𝑘 = 2.0, 𝜎 𝜔 = 2.0, 𝛼 = 5/9, 𝛽 * = 0.09, 𝛽 = 0.075 However, Standard k-ω model also has certain drawbacks, such as its dependence on the free incoming flow and the dependence of the numerical results on the dissipation rate ω given by the flow inlet boundary.

To sum up, the most significant advantage of k-ω Model is that it can be applied throughout the boundary layer (including the viscous sublayer) without further modification, but its disadvantage is that it is very sensitive to the value of ω in the free flow and to the inlet boundary conditions, whereas the k-ε Model does not have this problem.

In this work, after a series of tests, SST k-ω Model didn't produce good wave patterns, while in contrast, k-ε Model produced wave patterns well and always converged faster, so k-ε turbulence model was adopted after weighing the pros and cons.

y + in simulations

The behavior of the flow near walls is a complex phenomenon, and the idea of a wall has been developed to help differentiate the various areas near walls. y + is called the dimensionless wall distance, which is a dimensionless quantity and is measured in terms of viscous lengths from the wall [START_REF] Benzi | Identification and calculation of the universal asymptote for drag reduction by polymers in wall bounded turbulence[END_REF][START_REF]Viscous flow simulations at high Reynolds numbers without wall functions: Is y+≃1 enough for the near-wall cells?[END_REF][START_REF] Singh | Investigation of Turbulence for Wind Flow over a Surface Mounted Cube using Wall Y+ Approach[END_REF][START_REF] Srivastav | Capturing the wall turbulence in CFD simulation of human respiratory tract[END_REF].

In CFD calculations, y + is mainly used to calculate the height of the first layer of grid nodes in the process of grid division. The calculation process is as follows [START_REF] Vaughn | Error versus y+ for Three Turbulence Models: Incompressible Flow Over a Unit Flat Plate[END_REF][START_REF] Mohd | Wall Y+ approach for dealing with turbulent flow over a suuface mounted cube: part 1-low Reynolds number[END_REF][START_REF] Mohd | Wall Y+ approach for dealing with turbulent flow over a surface mounted cube: part 2-high Reynolds number[END_REF][START_REF] Rathore | Comparison of two low-Reynolds number turbulence models for fluid flow study of wall bounded jets[END_REF]:

𝑈 + = 𝑈 𝑢 𝜏 𝑦 + = 𝑦𝑢 𝜏 𝜈 𝑢 𝜏 = √𝜏 𝑤 /𝜌
𝜏 𝑤 is frictional force; y is the distance from the wall; 𝑢 𝜏 is the shear velocity of fluid near the wall; 𝜈 is kinematic viscosity At different Reynolds numbers, the dimensionless y + can divide the region near the wall into several parts (see Fig 2. 8). When y + is very small, the fluid is close to the wall, and the fluid pulsation velocity on the wall is zero. At this point, the Reynolds stress is small, while the viscous stress is dominant. That is to say, the inertia force is smaller than the viscous force when y+ is small, so the viscous effect accounts for a significant proportion [START_REF] Song | Validation of the CFD approach for modelling roughness effect on ship resistance[END_REF][START_REF] Salim | Wall y+ Strategy for Dealing with Wallbounded Turbulent Flows[END_REF] By checking the distance of the first cell near the wall, the following conclusions can be derived: If y+ is lower than 5, then the simulations belong to low-Reynold turbulent simulations; for y+ >30, the simulations can be high-Reynold turbulent simulations. However, for 5<y+<30, the simulation can be proved to be incorrect.

Free surface simulation

Fluid mechanics problems involving two phases, liquid and air, are commonplace.

The interface is defined as the boundary between the two phases. When ships navigate in water, the water surface will contact air whose density is very small. Therefore, fluid can't be rigidly constrained like solid boundaries. The free surface in simulations is just the interface between water and air, and this belongs to a two-phase flow problem of mutual impermeability. The formation of free surface is In view of its characteristics, VOF is often utilized to deal with liquid flows by gravity effects. The areas of application commonly include:

• interaction between one or more liquids and a gas;

• flow of liquids under gravity effects;

• consideration of surface tension effects;

In STARCCM+, the two phases (liquid and gas) are normally defined water and air, the densities and dynamic viscosities of whom are considered constant. For water, the density is 997.561kg/ m 3 , and dynamic viscosity is 8.8871 * 10 -4 Pa• s; for air, the density is 1.18415 kg/ m 3 , and dynamic viscosity is 1.85508 * 10 -5 Pa• s.

Some specific examples are given in In the VOF model, the volume fraction of phase n in the cells is defined as 𝑎 𝑛 , then [START_REF] Fuster | Simulation of primary atomization with an octree adaptive mesh refinement and VOF method[END_REF][START_REF] Gao | Numerical simulation of wavy falling film flow using VOF method[END_REF] For 𝑎 𝑛 =0, that is, there is no phase fluid n in the cells.

For 𝑎 𝑛 =1, that is, the cells are full of the phase fluid n.

For 0<𝑎 𝑛 <1, that is, there is both phase fluid n and other fluid in the cells (there exists an interface).

In naval engineering, there are normally two phases (liquid and gas), and then the volume fraction 𝑎 2 can be defined:

𝑎 2 = 𝑉 𝑙𝑖𝑞𝑢𝑖𝑑 𝑉 2 { 0 𝑎𝑖𝑟 0.5 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 1 𝑙𝑖𝑞𝑢𝑖𝑑
Where 𝑉 𝑙𝑖𝑞𝑢𝑖𝑑 is the volume of phase liquid in the cell, and 𝑉 2 is the volume of the cell. For every interface, the fundamental equations for VOF model is to solve the physical properties of the equivalent fluid as a function of the physical properties of its constituent phase and its volume fraction, which are expressed as [START_REF] Afkhami | A mesh-dependent model for applying dynamic contact angles to VOF simulations[END_REF][START_REF] Saha | Effect of dynamic contact angle in a volume of fluid (VOF) model for a microfluidic capillary flow[END_REF]:

1 𝜌 𝑛 [ ∂ ∂ 𝑡 (𝑎 𝑛 𝜌 𝑛 ) + ∇ ⋅ (𝑎 𝑛 𝜌 𝑛 𝑣 𝑛 )] = 𝑆 𝑎 𝑛 + ∑ 𝑛 𝑛=1 (𝑚 𝑚𝑛 -𝑚 𝑛𝑚 ) (2.25) 𝑎 2 = 0 𝑎 2 = 0.7 𝑎 2 = 1
Where, 𝑚 𝑛𝑚 is the mass transfer of the n fraction relative to the m phase; 𝑚 𝑚𝑛 is the mass transfer of the m fraction relative to the n phase; 𝑆 𝑎 𝑛 is the source item.

The calculation of the main phase volume ratio has the following constraints

∑ 𝑛 𝑛=1 𝑎 𝑛 = 1
If air and water are expressed by subscript 1 and 2 respectively, then the density and dynamic viscosity of each unit are given by the equation:

𝜌 = 𝑎 2 𝜌 2 + (1 -𝑎 2 )𝜌 1 (2.26) 𝜇 = 𝑎 2 𝜇 2 + (1 -𝑎 2 )𝜇 1
Likewise, the velocity and pressure of each unit can be expressed:

𝐮 = 𝑎 2 𝜌𝐮 2 + (1 -𝑎 2 )𝐮 1 (2.27) 𝑝 = 𝑎 2 𝑝 2 + (1 -𝑎 2 )𝑝 1
Then based on the equations above, the Correction of averaged Navier-Stokes equations can be derived:

𝜌 ∂𝐮 ∂𝑡 + ∇ ⋅ (𝜌𝐮𝐮) = -∇𝑝 + 𝜌𝐠 + ∇ ⋅ (𝜇(∇𝐮 + ∇𝐮 ⊤ )) + 𝐅 𝐜 ∇ ⋅ 𝐮 = 0
Addition of a transport equation for 𝑎 2 ,

∂𝑎 2 ∂𝑡 + 𝐮 ⋅ ∇𝑎 2 = 0
Interface is "geo-located" by locating the cells for which 0 < n < 1. and water regions. To generate proper meshes in the interface, the following considerations needs to be taken:

⊲ locally refine the mesh to properly capture the moving interface;

⊲ favor cell geometries aligned with the interface;

⊲ adapt the size of the mesh to the constraints of the turbulence model. At present, discretization methods mainly include finite difference method, finite volume method, finite element method, boundary element method, and spectral method and so on. Among those methods, finite volume method is used widely, since it absorbs the reasonable kernel of finite difference method, and at the same time draws lessons from the principle of subfield method, so that it has its own obvious characteristics

The solver included in STARCCM+ utilizes a finite volume method to simulate fluid flow, which employs the integral form of the conservation equations and splits the theoretical domain into a finite number of adjacent control volumes.

Discretization scheme

Discretization scheme is actually a kind of spatial interpolation, the purpose of which is to find the physical quantities and their derivative nodes in the control equations by interpolation to create a discrete set of equations.

In this work, 2nd-order upwind scheme is selected as the discretization scheme for all simulations [START_REF] Kok | Resolving the Dependence on Freestream Values for the k-w Turbulence Model[END_REF], because using this scheme can gives better accuracy.

For a second-order upwind (SOU) scheme, the convective flux is computed as [START_REF] Mé Nard | Coupling level set/VOF/ghost fluid methods: Validation and application to 3D simulation of the primary break-up of a liquid jet[END_REF]:

(𝑚̇𝜙) 𝑓 = { 𝑚̇𝑓𝜙 𝑓,0 for 𝑚̇𝑓 ≥ 0 𝑚̇𝑓𝜙 𝑓,1 for 𝑚̇𝑓 < 0 (2.29)
Where the face values 𝜙 𝑓,0 and 𝑚̇𝑓𝜙 𝑓,1 are linearly interpolated from the cell center values on either side of the face:

𝜙 𝑓,0 & = 𝜙 0 + 𝐬 0 ⋅ (∇𝜙) 𝑟,0 𝜙 𝑓,1 & = 𝜙 1 + 𝐬 1 ⋅ (∇𝜙) 𝑟,1 (2.30) 
Where:

𝐬 0 = 𝐱 𝑓 -𝐱 0 𝐬 1 & = 𝐱 𝑓 -𝐱 1

Algebraic Multigrid (AMG) Method

With increasing mesh sizes, conventional iterative solution algorithms such as Jacobi, Gauss-Seidel, Conjugate gradient method and Successive over-relaxation converge greatly slower (see Fig 2. 17). This sluggish convergence causes a quadratic rise in calculation time as a result.

If the meshes are not fine, then convergence will be fast; if the meshes are fine enough, then slow convergence will be observed. A fine-mesh simulation in STARCCM+ are normally conducted as this format: coarse-mesh setting is firstly used until the simulation converges, then the results obtained will be projected into a finer mesh setting; finally, it will be projected into the finest mesh setting.

Actually, the AMG linear solver used in segregated VOF is not a solver, but a technique to speed up convergence, which degrades convergence for fine meshes. The foundation of multigrid approaches is the effective reduction of numerical error components whose wave lengths correspond to the size of the cell (high-frequency errors) using an iterative solution algorithm. However, with such a strategy, the longwavelength (low-frequency) errors are decreased rather slowly.

Through an iterative procedure on a hierarchy of gradually coarsened linear systems, multigrid approaches minimize the low-frequency errors. Without taking into account the underlying grid geometry, algebraic multigrid creates a coarse level system. The fine-grid coefficients are combined in arithmetic operations to create the coarse-grid equations. A multigrid algorithm moves the calculation from a narrow linear system to a coarse linear system after a number of iterations. Because the error function is thus smooth, that is, devoid of high-frequency components of the error, these iterations are also known as smoothing iterations. Since the solution process was moved to a coarser linear system, the mistakes are now more frequent relative to the cell size and may be effectively minimized. A defect equation is created to lower the inaccuracy of the fine linear system solution on a coarser linear system. With AMG, STARCCM+ will start a simulation by a coarse mesh setting, and converge will be attained fast. Then the results will be projected to a finer mesh setting…In such a way, STARCCM+ will finally project the results to the target mesh setting.

Overset mesh approach

The basic principle of overset mesh technique is to divide the computational domain into several regions with overlapping parts when generating meshes on a complex shape, and to generate meshes on each region individually. When conducting calculations in the fluid field, interpolation is carried out between the meshes in the overlapping area, and the flow field information can be transferred between the two sets of meshes by establishing the interpolation relationship. Specifically, it connects regions by exchanging data between acceptor meshes in one region and donor meshes (active meshes with unique markings) in another [START_REF] Carrica | Self-propulsion computations using a speed controller and a discretized propeller with dynamic overset grids[END_REF].

A typical overset simulation is normally composed of one or more overset regions that overlap the background region. While if necessary, multiple overlapping overset regions without a background region can also be established There are two types of overset interfaces, namely, overset mesh interface and overset mesh zerogap interface, and the former is used and introduced in this thesis.

Overset mesh interface is the normal type of overset interface. While utilizing an regular overset mesh interface, 4 to 5 mesh layers are always present in the overlapping zone between the overset region and the background region.

In order to ensure the accuracy of the interpolation and the quality of the mesh, the mesh size should be as consistent as possible in the overlapping mesh area. If the difference in mesh size between overset region and background region is too large, the interpolation may not be possible. This is also one of the most challenging tasks in overset simulations. The meshes are implicitly coupled, so the solution is computed for all active meshes in all regions at the same time. Within the discretized system of equations, when a reference is made to the variable value in an acceptor mesh of one region, a blend of variable values at donor meshes from another region is used to supply the value. This value is reflected directly in the coefficient matrix of the algebraic equation system. The overset and background regions are tightly coupled, allowing for a solution with an arbitrarily low degree of iteration mistakes. As a result, the iterative solution method's rate of convergence is comparable to that of a single mesh of the same resolution.

Overset meshes are mainly used in the following situations: Parametric studies, such as when similar bodies are oriented at various relative locations or when separate bodies are immersed in the same environment. Fewer meshes are created for these scenarios when employing overset meshes. Complicated body motions, such as those involving bodies that are close together, have crossing paths, or have large motions.

The overset hole-cutting procedure is similar to mesh marking. The hole in one region, largely in the background region is imaginary because no meshes are really removed. They are inactive and don't contribute to the solution process. After the holecutting operation, meshes are categorized into the following mesh types:

Active meshes: discrete governing equations are solved inside active meshes.

Inactive meshes: no equations are solved in inactive meshes. However, if the overset region shifts, these meshes may become active.

Acceptor meshes: the acceptor meshes between active and inactive meshes define the boundary of the overset interface for an overset region or background region.

Hole-cutting approach

Two methods for hole-cutting approaches are offered in STARCCM+. According to STARCCM+ user's guidelines, layered approach and alternate hole cutting approach work as follows:

Layered approach: This is by default. It marks the mesh types in the overset region firstly, and then in the background region. For the first step, a single layer of meshes next to the overset boundaries is designated as acceptor meshes in the overset region, whereas the other meshes are designated as active meshes. A layer of meshes is identified as possible donor meshes (a kind of active meshes) of the overset region from the active meshes, close to the acceptor meshes. For the second step, a single layer of meshes in the background region becomes the acceptor meshes when they are in close proximity to the prospective donor meshes in the overset region. This single layer is around four mesh layers distant from the overset region's interface. In the background region, the four intermediate mesh layers between the acceptor meshes and the overset boundaries are labeled as donor meshes. Background meshes within the overset interface hole are inactive and do not participate in the solution process.

Alternate hole cutting approach: For instances with small gaps, this method is more reliable. The method checks whether the mesh centroid of each mesh in the background region is outside or inside the overset region for each mesh. A background region mesh that has its mesh centroid inside the overset region becomes inactive.

With the method described above, the generated overset meshes of the real simulation done in this thesis were shown in 

Conclusion remarks

In this chapter, the details of the numerical solver and mathematical models for the simulations in this thesis were presented and summarized.

The CFD calculation process with its characteristics were introduced. The fundamental equations including continuity equation, Navier-Stokes equation were illustrated respectively. Then a variety of turbulent models with appropriate expressions were shown in detail. After weighing the pros and cons, as well as the wave profiles presented by testing different turbulent models, realizable 𝑘 -ε model was finally selected.

The VOF multiphase model used to simulate free surface was presented, and finite volume method that was adopted as the discretization method was introduced.

All kinds of boundary conditions used for the computational domains in this thesis were recommended. For verifying the reliability of the simulation results obtained in this thesis, overset mesh approach was utilized, and the principle of this method was depicted. The actual overset mesh simulations done in this thesis were shown as an illustration to introduce the process of overset mesh generation.

Chapter 3

CFD Setup for hydrodynamics around ship

In this chapter, the process of CFD simulation setup is introduced. Specifically, the setup of the computational domain with boundary conditions are explained in detail; the simulations are based on rendering the rotational motion to the meshes in the domain, while the ship is fixed in the domain; the mesh generation method is concluded and mesh sensitivity analysis is carried out; the validation of the CFD model is conducted; the initial conditions and solver settings for the simulations in curved channels are summarized and displayed. drift is supposed to be 0. The rotational rate is given to the meshes of the whole domain, inside which the ship is fixed. So there is no absolute velocity imposed at the inlet, but a relative velocity resulting from the rotating meshes. • mostly hexahedral mesh with little cell skewness;

• refinement based on surface mesh size and other user-defined refinement controls;

• independence of surface quality;

• alignment with a coordinate system that the user has chosen. On the other hand, in viscous fluid, there exists a boundary layer on the body owing to the no-slip boundary condition. This boundary layer ought to be meshed more precisely to capture the near-wall flow accurately, which is critical in measuring forces and flow characteristics. Thus, prismatic meshes incorporating 6 prism layers with a growth factor of 1.5 are generated on the surface of ship hull in order to correctly capture the boundary layer and ensure a higher degree of accuracy for the flow solution. Especially, a mesh refinement using volumetric control is applied on the free surface to achieve a proper wave propagation in the domain. While the grids far from the ship hull, including the top, the inlet and outlet boundaries are coarsened by way of surface controls. In this study, to avoid unexpected mesh transitions between the refinements, a slow growth rate is utilized so as to allow the mesher to use several cell layers per transition to facilitate a gradual mesh transition.

A mesh sensitivity analysis test is then conducted to verify the dependency of the solution to the mesh and to select the most appropriate mesh quality in curvature-effect calculations. In this test, the parameter refinement ratio between two adjacent sizes is √2 according to ITTC [START_REF] Koop | Using CFD to determine scale effects on current loads of offshore vessels in side-by-side configuration[END_REF][START_REF] Zou | Computational fluid dynamics (CFD) prediction of bank effects including verification and validation[END_REF][172][173][START_REF] Zhang | Verification and validation for RANS simulation of KCS container ship without/with propeller[END_REF][START_REF] Zou | Verification and validation of CFD predictions for a manoeuvring tanker[END_REF]. The lowest depth to draft ratio (i.e., h/T=1.2), the largest channel angle (i.e., α=120 degrees) and a relatively high ship speed (i.e., Vs=0.6173m/s), channel bottom width W=2.36m and drift angle β=0° in this work are chosen as the simulation conditions. Based on this, the predicted hydrodynamic force and moment including resistance force, sway force, and yaw moment are denoted by 𝑋, 𝑌, 𝑁. The numerical results are then transformed into non-dimensional longitudinal resistance 𝑋 ′ , sway force 𝑌 ′ , and yaw moment 𝑁 ′ , which are normalized according to:

𝑋 ′ = 𝑋 1 2 𝜌𝑉 𝑠 2 𝐿 𝑝𝑝 𝑇 , 𝑌 ′ = 𝑌 1 2 𝜌𝑉 𝑠 2 𝐿 𝑝𝑝 𝑇 , 𝑁 ′ = 𝑁 1 2 𝜌𝑉 𝑠 2 𝐿 𝑝𝑝 2 𝑇 (3.2)
To analyze the results, the recommended procedures for the numerical uncertainty estimation proposed by ITTC are adopted [172]. Firstly, the convergence ratio 𝑅 𝑖 is defined using the changes between medium-fine 𝜀 21 and coarse-medium Where 𝑟 𝑖 is refinement ratio of grid.

𝜀
Then if the convergence condition is monotonic convergence, uncertainty is evaluated according to Equation (3.6) and (3.7):

𝑈 𝑖 = { [9.6(1 -𝐶 𝑖 ) 2 + 1.1]|𝛿 𝑖 |, |1 -𝐶 𝑖 | < 0.125 [2|1 -𝐶 𝑖 | + 1]|𝛿 𝑖 |, |1 -𝐶 𝑖 | ≥ 0.125 } 𝐶 𝑖 = 𝑟 𝑖 𝑃 𝑖 -1 𝑟 𝑖 𝑃 𝑖𝑒𝑠𝑡 -1
Where 𝑃 𝑖𝑒𝑠𝑡 is an approximated value for the limiting order of precision of the first term as spacing size goes to zero, and here it's set 2.

If the convergence condition is oscillatory convergence, uncertainty is determined based on oscillation maximums 𝑆 𝑈 and minimums 𝑆 𝐿 by 𝑈 𝑖 = 0.5(𝑆 𝑈 -𝑆 𝐿 ).

The mesh scenes for coarse, medium and fine grid settings are illustrated in Fig 3 . 10. The mesh verification results are shown in Table 3. 2 and Fig 3 . 12, where all the results are expressed in non-dimensional forms according to equation (3.2). It can be seen that 𝑋 ′ and 𝑌 ′ are both monotonic convergences, whereas 𝑁 ′ is oscillatory convergence with a very small convergence ratio (absolute value below 0.3%). The mesh uncertainty of 𝑋 ′ , 𝑌 ′ and 𝑁 ′ for all three grid settings are below 1%, which implies that the present simulations can predict results to a satisfying degree. Besides, according to the wave elevation contours of different grid settings in Fig 3 . 11, the coarse grid setting produces poor resolution, while the medium grid setting and the fine grid setting show very similar and good results. In view of the computational efficiency, the medium grid setting is a reasonable balance between estimation time y + verification is conducted for all the simulations in this thesis, while the configuration with medium grid in 

Mesh improvement with prism layers

A prism layer mesh model is utilized with a core volume mesh to generate orthogonal prismatic grids next the wall surfaces or boundaries. The layer of grids is essential to improve the accuracy of the flow solution.

When evaluating the forces and heat transfer on walls as well as flow properties like separation, prism layers enable the solver to properly resolve near wall flow.

Separation then has an impact on integral outcomes like drag or pressure decrease.

The resolution of the velocity and temperature gradients normal to the wall is necessary for accurate prediction of these flow characteristics. In contrast to what would be inferred by using gradients from a coarse mesh, these gradients in the viscous sublayer of a turbulent boundary layer are substantially steeper. A prism layer mesh makes it possible to resolve the viscous sublayer directly if the turbulence model supports it (low y + ~1). Alternatively, for coarser meshes it allows the code to fit a wall function more accurately (high y + > 30) [START_REF] Mannion | Improving CFD prediction of drag on Paralympic tandem athletes: influence of grid resolution and turbulence model[END_REF][START_REF] Mark | Unstructured Mesh CFD Aerodynamic Analysis of the NREL Phase VI Rotor[END_REF].

The thickness, number of layers, and distribution of the prism layer mesh are determined by the turbulence modelling strategy that is applied and the required fidelity of the physics. For proper resolution of the turbulence flow profiles in a turbulent shear layer, more than 10-20 cells are required in the cross-stream direction, depending on the Reynolds number. More cells are needed in order to treat the low y+ wall and dissolve the viscous sublayer [START_REF]Splitflow a 3D unstructured cartesian/ prismatic grid CFD code for complex geometries[END_REF][START_REF] Tobias Zitzmann | Simulation of steady-state natural convection using CFD[END_REF]. Coarser, high y+ wall-function type meshes with just a few prism layers can produce good results if just the gross flow properties (such a first-order estimate of skin friction) are needed.

In addition to offering near wall mesh density, prism layers enable the use of high-aspect-ratio cells, improving cross-stream resolution without sacrificing too much stream-wise resolution. Near the wall, prism layers also lessen numerical diffusion. In a finite volume advection system, numerical diffusion is a discretization mistake that blurs discontinuities and steep gradients. When the flow is in line with the mesh, numerical diffusion is reduced [START_REF] -S. C. A | Mesh Optimization for Ground Vehicle Aerodynamics[END_REF][START_REF] Wu | Vortex Induced Motions of a Column Stabilized Floater, Part II: CFD Benchmark and Prediction[END_REF][START_REF] Tomac | From geometry to CFD grids-An automated approach for conceptual design[END_REF]. As a result, precision is substantially improved by the employment of prism layers.

A subsurface is formed at the specified prism layer thickness values prior to the creation of the core volume mesh, thus "shrinking" (for internal flows) or "expanding" (for external flows) the beginning surface. This subsurface is used to construct the core mesh. The cell faces from the core mesh are then extruded back to the initial starting surface to create the prism layer mesh [START_REF] Dyedov | Variational Generation of Prismatic Boundary-Layer Meshes for Biomedical Computing[END_REF][START_REF] Garimella | Boundary layer mesh generation for viscous flow simulations[END_REF][START_REF] Steinbrenner | Construction of Prism and Hex Layers from Anisotropic Tetrahedra[END_REF].

The prism mesher makes an effort to create a conformal mesh for the boundary pair whenever possible when used with a periodic interface. The boundary type indicated for the boundary pair in this case is superseded by the presence of a periodic interface. Instead, a prism mesh is generated depends on the interface level prism layer choice.

A prism layer is defined in terms of its thickness; the number of mesh layers within it; the size distribution of the layers; the function that is used to generate the distribution (geometric progression or hyperbolic tangent).

The prism layer thickness controls the total overall thickness of all the prism layers. The number of prism layers controls the number of mesh layers that are generated within the prism layer on a part surface or boundary, for example, there are 3 prism layers in Fig 3 . 15. While the distribution or stretching of the layers normally covers three items, that is, prism layer stretching, thickness of near wall prism layer, and prism layer thickness ratio.

• Stretch factor

The stretch factor is the ratio of the thickness of a mesh layer to the thickness of the preceding layer.

𝑆𝑡𝑟𝑒𝑡𝑐ℎ 𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑛 2 𝑛 1 (See Fig 3. 16)
The minimum allowed value is 1.0, which leads to uniformly spaced prism layers.

Any value larger than 1.0 will give rise to non-uniformly spaced prism layers with a low prism layer height nearer to the wall that grows progressively in every prism layer away from the wall. factor is automatically calculated and applied to the remaining prism layers to get the proper thickness distribution (between the near wall layer and the start of the core mesh). The entire thickness of the prism divided by the number of layers is the upper limit for the Wall Thickness value. A linear distribution is utilized if a larger value is given.

• Thickness ratio

The thickness ratio means the ratio of the thickness of the prism layer next to the core mesh to the thickness of the prism layer next to the wall. A stretch factor is automatically calculated for the intermediate layers, and the minimum allowed value is 1.0. The thickness ratio can be expressed as (see Fig 3. 17):

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 = 𝑛 3 𝑛 1 Fig 3.

Graphic for thickness ratio

There are two kinds of functions that are used to generate the distribution. One is the geometric progression, which uses a simple geometric relationship (stretching factor) distribute the mesh layers. The starching factor between adjacent mesh layers is always calculated as a constant value, and this has been introduced above.

The other is hyperbolic tangent. This method distributes the cell layers according to a one-parameter hyperbolic tangent stretching function expressed as:

𝑠(𝑛 𝑖 ) = 1 + tanh[𝐹 𝑠 (𝑛 𝑖 /𝑁 -1)] tanh(𝐹 𝑠 )
Where 𝑁 is the total number of layers, 𝑛 𝑖 is the current node, 𝐹 𝑠 is the overall stretching factor, and 𝑠(𝑛 𝑖 ) is the distribution value for node 𝑛 𝑖 (0 ≤ 𝑛 𝑖 ≤ 𝑁). Three sets of ship speeds ranging from 0.335m/s to 0.575m/s (most often used in inland navigation) are selected in this numerical simulation and the resistances in xdirection are compared with those in experiments respectively. Stemming from the confinement of the channel and the very small UKC allowed for, it takes all of the three sets of simulations a long time-step to attain convergence. According to the resistance report output, the results of these simulations with those from experiments are compared (see Table 3. 3). The wave elevation contours are illustrated in Fig 3 . 22,

The relationship between nodes and layers is shown in

where Kelvin waves can be noticed. With Vs increasing, waves generated around the ship are becoming more serious, and wave elevation at bow is higher as well. From Table 3. 3, only slight errors occur between the results from experiments and simulations, which are within 5% for all the three sets selected. Based on this, a good agreement between experiments and numerical simulations can be seen from the results. The CFD results tend to overrate the magnitude of the expected resistance, compared to the towing tank experiments. It should be noted that the standard deviations of the experimental resistance results should be within the range of 5%.

Therefore, the validation against the experiments can be considered approved.

Initial conditions

To accelerate the solutions and cut down on the amount of CPU time needed, three initial conditions must be managed. The first one is the pressure, which is set as the hydrostatic pressure of flat wave field function, meaning that the initial pressure is applied by the wave's current, and STARCCM+ calculates and displays this value in the initial condition. In order to prevent the superposition of values, the velocity is set as the velocity of flat Vof wave field function, which represents the wave current parameters. Setting up the volume fractions for each kind of the fluid is the next stage.

The fractions are set as the composite since they will vary all the time. As a result, the volume fractions of the heavy and light fluids are set as volume fraction of heavy fluid and volume fraction of light fluid, respectively.

Solver settings

The time step by implicit unsteady was set to be 0.05 seconds after estimation, and the temporal discretization is selected as 2 nd order. On the other hand, the maximum inner iterations are set as 10 for all the simulations. The physical maximum time was determined in order that all the hydrodynamic forces became steady with only minimal changes.

Conclusion remarks

In this chapter, validation and verification studies were conducted to test the accuracy and validity of the CFD model. The mesh sensitivity analysis was executed according to ITTC guidelines. Trimmed meshes and prismatic meshes were utilized to produce meshes in the computational domain. By custom controls and volumetric controls, the meshes near the ship hull were refined while meshes far away from the ship were coarsened. The results of validation tests were then compared with those from experiments done in the towing tank of Liege university. A good agreement between experiments and numerical simulations can be observed.

Simulation setups were established and described. The relative frame motions were introduced to produce centrifugal force in the computational domain, and specific channel settings with appropriate boundary conditions were described.

The proper initial conditions for simulations and solver parameters were defined after estimation.

(eq3.2), which are expressed as 𝑋 ′ , 𝑌 ′ and 𝑁 ′ respectively. Also, the positive directions for 𝑋 and 𝑌 are assumed the same as the positive directions of x and y coordinate axes, and the positive direction for 𝑁 is counter-clockwise on paper (See 

𝑋 = ∯(-𝑝𝑛 ⃗ 𝑠ℎ𝑖𝑝 + 𝜏𝑡 )𝑑𝑠 • 𝑖 𝑌 = ∯(-𝑝𝑛 ⃗ 𝑠ℎ𝑖𝑝 + 𝜏𝑡 )𝑑𝑠 • j
Where 𝑝 is pressure, 𝜏 is shear stress, 𝑖 and j are vectors coinciding with x and y axes respectively.

The effect of various parameters are analyzed and discussed in the following sections. curve takes the form of Gaussian trend, where, an increase of 𝑌 ′ is noted for α less than a critical value of 60°. While 𝑌 ′ will decrease significantly for larger α. A sharp increase in 𝑌 ′ can also be observed in curved channels compared to that in straight channels. 𝑌 ′ increases by a relatively large margin as α grows for α<60° (increasing rate 44.39% for α from 30° to 60°). However, 𝑌 ′ starts diminishing after α exceeds the critical value 60°, and especially declines fast for α>90° (decreasing rate around 75.2%). It should be noted that 𝑌 ′ grows again changing from attractive force towards the concave bank to repulsive force for α>115°, which is under the influence of the large channel curvature. To verify this somewhat complex tendency of the curve, another two configurations (α=75° and α=105°) are added, and their results coincide with this trend. According to about 19°, which is virtually indistinguishable from that in straight channels. From the discussion above, the mainstream will flow near the concave bank under large α. This not only intensifies the interaction between the ship and the concave bank in channels of large α, but also contributes to a higher water level around the concave bank (see Fig 4. 4). Consequently, 𝑌 ′ poses the trend of reversing its direction to the opposite to be attractive for the larger channel angle.

In the following contents, five cross sections are taken as illustrated in Fig 4 . 3, and they are named in the following format: cross section Ⅰ is ahead of ship, cross section Ⅱ is the bow section, cross section Ⅲ is the middle section, cross section Ⅳ is the stern section, and cross section Ⅴ is behind the ship.

The water levels in cross sections Ⅰ (ahead of ship) and Ⅴ (behind the ship) are always nearly constant for all configurations, so only the two sections in the configuration of α=120° are displayed in Fig 4. 4 (a) and (c) as an example. For comparing easily, the same range is used for the vertical coordinates, while the horizontal coordinates are divided by the channel bottom width (2.36m, which corresponds to 59m width of real channel). As long as the ship navigates in bending zones, the water levels around the concave bank in the bow sections are lower than that around the convex bank, while the water levels around the concave bank in the middle section are higher. This shows the existence of circulation current in bending zones.

Besides, the water level around concave bank is ascending as α grows in the middle section, but the water level around convex bank slightly changes as function of α, which contributes to a difference in water level for larger α. Consequently, the decreasing trend in 𝑌 ′ at higher α will be produced in Fig 4 . 2. Meanwhile, the water level around the convex bank in the bow section is also increasing as α grows, but it changes slightly around the concave bank and in the stern section. The higher water level around convex bank in the bow section, coupled with higher water level around concave bank in the middle section will form an increasingly large torque that causes the fast increase in 𝑁 ′ . 𝑁 ′ poses an increasingly rapid growing tendency as α grows. Also, the pressure components dominate in 𝑌 ′ and 𝑁 ′ with appropriate frictional components around 0 due to the bow and stern forms effect. Thus, drift caused by 𝑁 ′ can easily occur with α increasing. Based on the streamlines that correspond to the pattern associated to the wall shear stress in Fig 4 . 5, the mainstream passing through the ship in bending zones behaves as a kind of spiral flow, which is the combination of loop flow and longitudinal flow. From the discussion above, a ship generally has to maneuver closer to the concave bank in order to avoid grounding. While according to the results in this section, the large yaw moment induced by the large curvature of main streamline (strong spiral flow) will make the ship drift further to the concave bank, which easily leads to collision with the bank. This will be more serious in large-curvature channels. This phenomenon is similar to the bank effect in straight channels when the ship is attracted to the bank. Special attention should be paid when a ship is advancing in channels with large α, and frequent control of rudder angle can be taken to reduce yaw. According to equation (3.1), the larger the channel radius is, the smaller the channel angle is. Thus, the results here coincide with Ai and Gan (2013) that the larger is the curvature radius, the smaller is the chance of an accident, since 𝑁 ′ will be very low for small channel angle (large channel radius) based on the results of this thesis.

Effect of channel bottom width (W) on ship hydrodynamics

The analysis of this section depends on the simulations from Config.B in Table 4. 1, which is committed to presenting the impact brought by W on ship hydrodynamics. Ships are prone to shore suction and shore cushion at this time. After that, the direction of 𝑌 ′ will reverse, and 𝑌 ′ continues increasing with W growing until a critical value (around 3.8m).

Channel bottom width is illustrated in

Meanwhile, 𝑁 ′ for 𝛼=120° is always 6 to 4 times larger and decreases more rapidly than that for 𝛼=30°. Besides, 𝑌 𝑝 ′ and 𝑁 𝑝 ′ dominate all the time for both 𝛼.

Based on the results discussed in the previous section, a ship sailing in a bending fairway will drift because of yaw moment. Thus, broadening channels is positive to eliminate ships' drift, especially for large-curvature channels, and the desired channel width should be far more than that in straight channels in order to minimize this effect.

The results here coincide with the statistical results of accidents from Ai and Gan (2013), the wider is the channel, the safer is navigation in curved channels, since pilots can have more possibility to control their ships in wide channels, and consequently relative accident is lower with channel width increasing. Based on this work, except for a reversal of direction in 𝑌 ′ for large-curvature channels (𝛼=120°) , 𝑋 ′ , 𝑌 ′ and 𝑁 ′ acting on the ship in wider curved channels will also stay around a relatively lower value compared with that in narrow channels under the same 𝛼. and consequently the pressure around the ship is descending (see Fig 4. 11). Trim by stern will occur more easily for small slope angles. Also, we can observe that the pressure is more important on the starboard side, which conduces to the ship roll.

However, the streamlines are hardly affected as function of γ. There exists a critical value for the effect of γ (50º in this work) on 𝑌′ and 𝑁′. 𝑌′ increases by a comparatively large extent (increasing rate 23.95%) for γ<27º . Its direction points towards the concave bank, which can be noticed from the flowing direction of streamlines. While this growing rate slows down after γ exceeds 27º, especially negligible change can be observed in 𝑌′ for γ>50º (increasing rate 2.1%).

For γ>27º , the wave profile becomes serious and nearly doesn't vary as function of γ.

Bow waves around the concave bank will be backed up by the bank to act on the ship hull, applying a force towards the convex bank. This diminishes the force growth. On the other hand, the restraining effect of bank on ships is strengthening as γ grows, but this effect has gradually come to a limit after γ exceeds a critical value 50º . 𝑌 𝑝 ′ dominates all the time with 𝑌 𝑓 ′ around 0, which is caused by bow and stern effect. As γ grows, 𝑁′ increases marginally with an increasing rate only 5.56% for γ<27º, but a similar phenomenon occurs with 𝑁′ that the growing rate in 𝑁′ is decreasing.

Especially for γ>50º, 𝑁′ hardly increases. 𝑁 𝑝 ′ dominates during this process.

Conclusion remarks

Concerning the very low values of frictional components in 𝑌′ and 𝑁′, a new series of simulations were performed using a different methodology (overset mesh method) and very refined mesh (about 10million of elements). The goal is to confirm the component values for the two different approaches. One method (overset mesh method) is based on relative fluid flow due to moving domain capabilities; the other method is with a fixed ship in a moving domain. The results obtained from overset mesh method show that the frictional components in 𝑌′ and 𝑁′ remain very small, and there are no differences in the results between the two methods except due to mesh considerations. In author's viewpoints, this behavior is due to the fact that, we suppose that the ship is navigating in calm water (no current is considered). However, the overset mesh method is not suitable for this case, because the ship approaches the inlet boundary and compromises the minimum distance between both we have to keep.

Hence, the frame motion technique is used to simulate the ship motion. This technique suppose that all meshes are moving with an opposite ship speed.

From the previous sensitivity analysis, we can make the following conclusions and recommendations:

(1) As 𝛼 increases, 𝑋 ′ of the ship grows very little. There exist a critical value of 𝛼 for 𝑌 ′ , and a fast downward trend of 𝑌 ′ can be observed after 𝛼 exceeds this value.

While 𝑁 ′ grows at a rapid rate as 𝛼 grows, which easily causes the ship to yaw.

The elevated pressure distributed around the hull can also be observed with 𝛼 increasing due to the larger curvature of streamlines, especially for pressure at bow.

Thus, the increasing tendency of trim by stern can be assumed in a channel of larger 𝛼. Besides, for larger 𝛼, the interaction between the ship and the concave bank is more serious, while it's much weaker with the convex bank.

(2) Channel bottom width has nearly the same effect on resistance force in curved channels with any channel angle. As W increases, 𝑋 ′ reduces relatively fast below a critical W, while it reduces increasingly slowly beyond this critical width. 𝑌 ′ in smallcurvature channels reduces slowly as W increases. While 𝑌 ′ is sensitive in largecurvature channels as function of W, since there exists a critical width, exceeding which sway force will increasingly rise rapidly in opposite side. This probably triggers controllability losing for a pilot. 𝑁 ′ large-curvature channels decreases more obviously, and is always much higher than that in small-curvature channels.Besides, an upward trend can be found in the pressure distributed around the hull with channel bottom width increasing, but streamlines are slightly affected.

(3) Channel slope angle (γ) only affects ship hydrodynamics much at small angles, and 𝑋′, 𝑌′, 𝑁′ increase as the bank gets steeper. The changes in 𝑋′, 𝑌′, 𝑁′ all seem more obvious when γ is lower than a critical value (50 degrees). After that, the restraining effect of γ comes to a limit so that ship hydrodynamics will hardly be influenced by the variance of it.

Chapter 5

Effect of ship behaviors and geometry on ship hydrodynamics

This section concerns about the bending effect on ship hydrodynamics under variation of ship geometry and behaviors, so some key parameters are researched, that is, h/T ratio, ship speed (Vs), drift angle (β) and ship type.

Simulation case settings

All the cases are deemed in restricted curved channels, and the details of four different configuration groups (Config. D to G) are illustrated in Table 5. 1. Config.

D is employed to evaluate the effect of h/T ratio on ship hydrodynamics, where a series of h/T ratio variations are the parameters to be researched, meanwhile different channel angles (α) are considered to concern about the effect brought by h/T ratio under different channel curvatures. While the other conditions are kept both constant and severe. Similarly, the other configuration groups namely Config. E, Config. F, and Config. G are set in the same way. As is shown in Fig 5 . 1, 𝑋 ′ decreases rapidly for both α=30° and α=120° with h/T increasing, especially in shallow waters. Whereas for h/T>2 (medium-deep and deep waters), the decreasing trend slows down for channels of both α. At the same time, there is not much difference in 𝑋 ′ between the two curves of large and small α as function of h/T, but 𝑋 ′ in curved channels is always much larger than that in straight channels. Given that the two configurations (α=30° and α=120°) share a similar pattern of change in component variations, the component variation for α=30° is taken as example in shows the influence of h/T is insensitive in the large-curvature channel. The direction of 𝑌 ′ is also opposite for channels with large (α=120°) and small (α=30°) α, and 𝑌 ′ for α=120° is normally slightly larger than that for α=30° apart from in the restricted waters (h/T<1.5).

For both α=120° and α=30°, 𝑁 ′ decreases faster in shallow waters compared with that in deep waters as h/T increases. 𝑁 ′ in the channel of α=120° diminishes fast, especially a reducing rate of 52.3% can be observed for h/T< 1.5 (shallow waters) as h/T grows. While 𝑁 ′ in the channel of α=30° doesn't change much, except for the slightly noticeable variation for h/T< 1.5. However, 𝑌 ′ and 𝑁 ′ change slightly as function of h/T ratio in straight channels. Also, 𝑌 𝑝 ′ and 𝑁 𝑝 ′ dominate in 𝑌 ′ and 𝑁 ′ with their respective frictional components approaching 0, which is due to the bow and stern forms effect (see Fig 5 . 2). According to the analysis above, the results here are broadly consistent with the statistical results from Ai and Gan (2013), that is, maritime accidents will increase apparently for h/T between 1.1 and 1.2, and this risk will diminish fast for h/T more than 1.3.

Similar results are observed as it is in the previous section. The smaller the h/T ratio, the higher the water level around the ship, which is obviously in bow and middle sections (see Fig 5. 4). This indicates that the ship will still squat in shallow waters, as it would in straight channels. However, the pressure around the hull is increasing during the process, so we can't confirm whether the ship will sink under such circumstances. Also, the water level difference between concave bank and convex bank is more pronounced with h/T reducing.

However, based on Fig 5 . 5, pressure around the ship is increasing with h/T reducing in curved channels, no matter how large the channel angle is. Thus, the trend in pressure around the ship in restricted curved channels is different from our previous knowledge about the shallow water effect, that is, pressure drop can be observed in straight channels as h/T reduces (See Fig 5 . 5 (i) to (l)). Also, the pressure distributed around the ship for α=120° is always higher than that for α=30°.

Under the same α (the same channel curvature), the curvature of streamline is stronger for lower h/T ratios, which signifies that stronger circulation current exists in the bending zone of such conditions, and this strengthens the pressure field around the hull. Under different α, the conclusion is the same as what's derived from Section 4.2, that is, pressure around the hull and curvature of streamlines are larger for greater α at the same h/T ratio. However, attention should be paid here that pressure and spiral flow are both stronger even in deep waters for large α. Hence, this brings more risk of trim by stern and yaw for the ship. 

𝐆 is center of load, 𝐅 is resultant force, 𝐌 𝐩 is resultant moment, 𝐐 = 𝐏 + 𝑎𝐅 can be any other point along the line of action of the resultant force. Then the resultant moment of the loads on the part about 𝐐 can be expressed (Source: STARCCM+ user's guideline): The change of h/T will exert a relatively large influence on the center of load of the ship hull. With h/T increasing, the center of load for the ship is moving backwards along x axis (opposite to the direction of x axis), while y coordinate differ slightly and z coordinate keeps constant. So the ship will have the trend of pitching during this process, while this can mitigate ship's sinkage by the stern. This is consistent with what's derived from However, 𝑋 ′ in very shallow waters (h/T=1.2) is always growing more rapidly than that in medium-deep waters (h/T=2.0), which means 𝑋 ′ in shallow waters tends to be more sensitive to Vs than that in deep waters because of flow acceleration under the in the opposite direction (attractive force towards the convex bank) for the configurations 𝛼=120° can be observed at high Vs. Also, the water level in middle section on the concave bank is higher than that in bow and stern sections, and this justifies the existence of circulation currents. However, as for the ship in largecurvature channel at low Vs (see Fig 5 . 9 a), or in small-curvature channel at high Vs, there is not much difference in the water level between concave and convex banks around the ship. However, the curvature of spiral flow passing through the ship is slightly affected by Vs.

𝐌 𝐐 = 𝐌 𝐩 + (𝐆 -𝐐) × 𝐅 = 𝐌 𝐩 -(𝑎𝐅) × 𝐅 = 𝐌 𝐩 + 0 = 𝐌 𝐩
As Vs grows, 𝑁 ′ is increasing for all the configurations here. However, it's obvious that 𝑁 ′ enlarges fast in the channel with larger 𝛼 and in shallower waters.

Only in the channel with large 𝛼 (𝛼=90° and 120°), h/T ratio influences 𝑁 ′ obviously at different Vs . The pressure components dominate in both 𝑌 ′ and 𝑁 ′ (see Fig 5. 7).
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Hence, it's necessary for a ship to advance at a low Vs in order to minimize or avoid the effect of spiral flow in curved channels on ship maneuverability. The change of Vs will exert a large influence on the center of load of the ship hull.

With Vs increasing, the center of load for the ship is moving ahead along x axis, while illustrates and analyzes the results from Config. F in Table 5. 1, the aim of which is to profile the effect of β on ship hydrodynamics. Fig 5. 11 shows that β has a considerable effect on 𝑋 ′ , 𝑌 ′ and 𝑁 ′ . Moreover, pressure components dominate with frictional ones around 0 for hydrodynamic forces and moment.
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𝑋 ′ , 𝑌 ′ both increase faster and faster as β grows, especially surges can be noticed starting from β>4°. However, 𝑋 ′ , 𝑌 ′ for 𝛼=120° are always growing more rapidly than those for 𝛼=30°, and the magnitudes of the former are always larger. This is caused by the stronger spiral flow which results in larger lateral velocities in channels with larger 𝛼 . With the increase of β, 𝑁 ′ decreases fast in the negative direction and then increases rapidly in the positive direction for both 𝛼 =30° and 𝛼=120°, which declaring the high sensitivity of β on 𝑁 ′ . Flow angle of attack by the current will decrease as β grows, and consequently the ship bow will be less affected by the incoming current, while ship stern will be influenced more (see Fig 5 . 12). The critical β of direction reverse for 𝛼=30° is within the range of 0° to 1°, which is smaller than the range of 5° to 6° for 𝛼=120°. The reason is that the channel curvature for 𝛼=30° is much smaller, and consequently, the mainstream is passing near the centerline of the fairway. Also, the ship is navigating along the centerline in the middle section of the channel, so the mainstream will act on the ship stern and compensates the yaw moment once drift begins happening (see water level around concave bank in the bow and middle sections is higher than that around convex bank. Meanwhile, the larger the β, the higher the water level in the two sections, which will trigger a larger water level difference between concave bank and convex bank. This is verified by Fig 5 . 12 that waves generated on starboard side at bow are less important than that on port side. The flow section between ship stern and concave bank is narrowing with β increasing, so the water level is becoming higher contributing to higher pressure distributed around the ship (see Fig 5. 14). On the other hand, the bow section of starboard side will also be in direct contact with the incoming current, which is particularly obvious for 𝛼=120° where the mainstream owns larger centrifugal force (see Fig 5. 12). Therefore, it is extremely disadvantageous for a ship passing a curved channel with an improper β, since drift contributes to yaw moment and therefore, the ship's deflection will become more and more serious. It's concluded that β must be controlled within the critical range to avoid accidents, based on which, the high maneuvering technology of a pilot is required when a ship passes a curved channel.

(a) The thrust generated by the propeller creates a force that acts along the ship's longitudinal axis, causing the ship to pitch and yaw. While the amount of the thrust generated by the propeller is determined by various factors, such as the pitch of the blades, the speed of the ship, and the power of the engine [START_REF] Turnock | Prediction of ship rudder-propeller interaction using parallel computations and wind tunnel measurements[END_REF][START_REF] Simonsen | Rudder, propeller and hull interaction by RANS[END_REF].

The rudder, on the other hand, is used to control the ship's yaw moment by changing the direction of the water flow around the ship's stern. By deflecting the water flow, the rudder creates a force that acts perpendicular to the longitudinal axis of the ship, causing it to yaw [START_REF] Posa | LES study of the wake features of a propeller in presence of an upstream rudder[END_REF]. The effectiveness of the rudder depends on various z y o factors, such as its size, shape, and position on the ship, as well as the speed and direction of the water flow.

By working together, these two components allow the ship to move in the desired direction and maintain its stability in various sea conditions. While the interaction between propeller and rudders is an important consideration in ship design and operation. By carefully designing and optimizing these components, ship designers and operators can ensure optimal performance, stability, and safety [START_REF] Carlton | Rudder-Propeller-Hull Interaction: The Results of Some Recent Research, In-Service Problems and their Solutions[END_REF].

Some researchers have ever attempted in this domain. Using large eddy modelling, the development of the propeller tip vortex and its impact on the rudder surface pressure fluctuation were studied by Hu et al. [START_REF] Hu | Numerical simulation of Vortex-Rudder interactions behind the propeller[END_REF]. On a system made up of a marine propeller and a hydrofoil that acts as a rudder, large eddy simulations are reported by Posa and Broglia for four different directions of the latter, simulating maneuvering circumstances in marine propulsion [START_REF] Posa | Development of the wake shed by a system composed of a propeller and a rudder at incidence[END_REF]. Wang et al. [START_REF] Wang | Analysis of the wake dynamics of a propeller operating before a rudder[END_REF] examined the features of the wake dynamics of a propeller moving ahead of a rudder in open water by a numerical technique based on the detached eddy simulation. With CFD technique, Villa et al. [START_REF] Villa | Numerical Analysis of the Rudder-Propeller Interaction[END_REF] concentrated on the forces generated by the rudder varying the propeller loading conditions and the mutual position between the two devices, which provides information that can be used to describe and enhance a widely-used semi-empirical technique based on the actuator disk theory. However, little research has focused on the propeller and rudder effect on ship hydrodynamics when a ship is passing a curve.

In this section, in order to study the balance of the moments applied on the ship's hull and generated by the rudders, two propellers and four rudders (two rudders behind each propeller) are added (see Fig 5. 19). The virtual disk model is founded on the idea that actuator disks can be used to simulate propellers, turbines, rotors, fans, and other moving parts. The actuator disk approach is useful when how the rotor/propeller behavior will affect the flow are more concerned than the specifics of how the flow will interact with the rotating device's blades.

A source term spread over the area filled by the virtual disk represents the effect of the actuator disk on the flow field in the momentum equations. Depending on the application area, various distributions with varying degrees of accuracy can be used to represent the actuator's action.

For the virtual disk model, there are currently four methods implemented in STARCCM+ (Source: STARCCM+ users' guidelines):

•Body Force Propeller Method

•Blade Element Method •1D Momentum Method •User Defined Method
In this thesis, body force propeller method is used to simulate the propellers behind the ship model. This method simulates the effect of a marine propeller. The method simulates the flow field interaction between a ship's body and the propeller.

The flow around the ship hull affects the flow that the propeller induces. The ship flow is also affected by the propeller. With this method, the detailed flow field around the propeller is not required, while only the correct propulsion specification is needed.

Normally, the following approaches are used by this method:

Definition of a virtual disk regarding position and direction in which thrust is pr oduced (Source: STARCCM+ users' guidelines):

•Specification of a propeller performance curve

•Specification of an operating point (for example, rotational speed)

•Specification of an inflow method.

Then the distribution of the axial and tangential forces of the modeled propeller and its effect on the flow can be calculated.

The body force propeller method is used to model the effects of a propeller such as thrust and torque and thereby creating propulsion without actually resolving the g eometry of the propeller. The method employs a uniform volume force𝑓 𝑏 distribution over the cylindrical virtual disk. The volume force varies in radial direction.

The radial distribution of the force components follows the Goldstein optimum and is given by: 𝑓 𝑏𝑥 = 𝐴 𝑥 𝑟 * √1 -𝑟 * (5.2)

𝑓 𝑏𝜃 = 𝐴 𝜃 ⋅ 𝑟 * √1 -𝑟 * 𝑟 * (1 -𝑟 ℎ ′ ) + 𝑟 ℎ ′ 𝑟 * = 𝑟 ′ -𝑟 ′ ℎ 1 -𝑟 ′ ℎ 𝑟 ′ ℎ = 𝑅 𝐻 𝑅 𝑃 and 𝑟 ′ = 𝑟 𝑅 𝑃
Where 𝑓 𝑏𝑥 is the body force component in axial direction, 𝑓 𝑏𝜃 is the body force component in tangential direction, 𝑟 is the radial coordinate, 𝑅 𝐻 is the hub radius and 𝑅 𝑃 is the propeller tip radius.

The constant 𝐴 𝑥 and 𝐴 𝜃 are computed as:

𝐴 𝑥 = 105 8 ⋅ 𝑇 𝜋Δ(3𝑅 𝐻 + 4𝑅 𝑃 )(𝑅 𝑃 -𝑅 𝐻 ) 𝐴 𝜃 = 105 8 ⋅ 𝑄 𝜋Δ𝑅 𝑃 (3𝑅 𝐻 + 4𝑅 𝑃 )(𝑅 𝑃 -𝑅 𝐻 )
where 𝑇 is the thrust, 𝑄 is the torque, and Δ is the virtual disk thickness.

Then a propeller performance curve needs to be specified, which gives the dime nsionless thrust coefficient𝐾 𝑇 , the torque coefficient 𝐾 𝑄 , and the propeller efficiency as functions of the advance coefficient 𝐽.

𝐾 𝑇 = 𝑇 𝜌𝑛 2 𝐷 𝑝 4 𝐾 𝑄 = 𝑄 𝜌𝑛 2 𝐷 𝑝 5 𝐽 = 𝑉 𝐴 𝑛𝐷 𝑃
Where 𝑉 𝐴 is the speed of advance of the propeller, 𝑛 is the rotation rate with the unit revolution per second (rps), and 𝐷 𝑃 is the propeller diameter. The simulation configurations with appropriate results for propeller and rudder effect are listed in According to the results shown in Table 6. 1, when the ship is entering the bending channels with zero drift angle, the moment generated by rudders can never compensate the hydrodynamic moment applied to the ship. The critical drift for the ship model under the condition of rudder angle 35°(the maximum rudder angle) is between 0 and 3 degrees. So if a pilot maneuvers the ship at 0 drift entering the bend, the ship will definitely lose control.

Conclusion remarks

According to the sensitivity analysis above, the following conclusions and recommendations can be obtained:

(1) 𝑋 ′ is very sensitive to h/T ratio regardless of 𝛼, and 𝑋 ′ decreases fast with h/T increasing. While the effect of h/T on 𝑌 ′ is small, and an obvious downward tendency in 𝑌 ′ can be only observed for small-curvature channels in shallow waters (3) β is a significantly sensitive parameter that impacts 𝑋 ′ , 𝑌 ′ and 𝑁 ′ much. Also, the pressure components dominate with respective frictional ones around 0 in hydrodynamic forces and moment.

As β grows, 𝑋 ′ and 𝑌 ′ increase faster and faster, and the increases of both 𝑋 ′ and 𝑌 ′ are larger for the ship in the channel of large 𝛼. Particularly, 𝑋 ′ and 𝑌 ′ in largecurvature channels are always more considerable and ascending faster than those in small-curvature ones. A critical β can be observed for 𝑁 ′ , and the critical β for small 𝛼 is much smaller than that for large 𝛼. When β of a ship is below the critical value, 𝑁 ′ is decreasing with β growing, and at this time the current helps recover the ship's course. However, when β is over the critical value, 𝑁 ′ will start increasing in an opposite direction which contributes to the ship's continued yaw. In conclusion, ship's β must be maintained around the critical value to ensure good maneuverability when a ship is passing through a curved fairway.

(4) As ship length (Lpp) grows, 𝑋′ and 𝑌′ increase gradually faster for ship length (Lpp) lower than the critical value 5.4m. However, 𝑋′ starts increasing more slowly, while 𝑌′ decreases when Lpp exceeds this value. 𝑁′ grows increasingly faster during this process. At bow, the free surface level on convex bank is becoming increasingly higher, while it's almost unchanged on concave bank. At stern, the water level keeps nearly the same around both bank sides. Besides, the curvature of flow streamlines of long ships can be noticed extremely larger than that of short ships.

( Note that, the effect of navigation environment on the ship can be taken into consideration by two ways. The first is to find analytical or semi-analytical formulas to describe the desired effect. While the second one consists in making numerical simulations of potential type (3D) in real time to calculate the hydrodynamic forces that act on the ship. The latter is used especially when the force and moment variations can't be represented by a generalized formula.

Hence, the main objective of this section is to analyze the results obtained previously in order to verify the possibility of finding an analytical or semi-analytical formulas to correct the behavior of ships at bending zones.

Ship maneuvering models

The multi-degree-of-freedom motion system, as a vehicle for the ship simulator, is one of the most important parts of the simulator. It simulates the various surge, sway, yaw, roll, and acceleration of the ship during navigation, making the ship simulation more closely resemble real navigation. The essence of motion simulation is the realtime control of a multi-degree-of-freedom motion platform by a digital computer based on data from the ship's surging, rolling, drifting, pitching, yawing, and heaving during navigation to accomplish the desired motion pattern [START_REF] Fang | A Simplified Simulation Model of Ship Navigation for Safety and Collision Avoidance in Heavy Traffic Areas[END_REF][START_REF] Fukui | 4-DOF Mathematical Model for Manoeuvring Simulation including Roll Motion[END_REF][START_REF] Fukui | Investigation of effect of roll motion on maneuverability using 4-DOF mathematical model[END_REF][START_REF] Wolsing | Anomaly Detection in Maritime AIS Tracks: A Review of Recent Approaches[END_REF].

To simulate the ship's trajectory and motion, a mathematical method should be used to obtain the final equation system. The study of ship maneuverability usually uses mathematical models to describe ship movements [START_REF] Yong Liu | Ship trajectory tracking control system design based on sliding mode control algorithm[END_REF][START_REF] Min-Guk | Effects of Ship Motion on Ship Maneuvering in Waves[END_REF] This model regards the ship body, propeller, and rudder system as an integral whole, and expresses the hydrodynamic forces and moment applied on the entire body as equations relevant to motion state variables. In principle, the Abkowitz model is essentially a Taylor series expansion of the hydrodynamic forces and moments acting on a ship relative to various factors [START_REF] Liu | System Identification of Abkowitz Model for Ship Maneuvering Motion Based on ε-Support Vector Regression[END_REF][START_REF] Inoue | Hydrodynamic Derivatives on Ship Manoeu-vring[END_REF]. However, the model structure is complex, especially in multi-degree-of-freedom forms, where the hydrodynamic derivatives sum up to a large number [START_REF] Zhang | Identification of Abkowitz Model for Ship Manoeuvring Motion Using ε -Support Vector Regression[END_REF]. Besides, the physical meaning of some of the hydrodynamic derivatives in the model is not clear enough to facilitate an in-depth analysis of the maneuverability of the object concerned [START_REF] Jian-Chuan | Parametric Identification of Abkowitz Model for Ship Maneuvering Motion by Using Partial Least Squares Regression[END_REF].

MMG model was proposed by the Japanese Manipulative Mathematical

Modelling Group in the late 1970s [START_REF] Ueno | On Steady Drifting Motion of a Ship in Waves[END_REF][START_REF] Guo | System-based investigation on 4-DOF ship maneuvering with hydrodynamic derivatives determined by RANS simulation of captive model tests[END_REF][START_REF] Ueno | Circular motion tests and uncertainty analysis for ship maneuverability[END_REF][START_REF] Xia | Ship Maneuvering Performance Prediction Based on MMG Model[END_REF][START_REF] Zhang | ANFIS-based course-keeping control for ships using nonlinear feedback technique[END_REF]. The MMG model considers the hydrodynamic forces and moments acting on the boat, the oars and the rudders separately, and introduces interference coefficients to characterize the mutual interference between the components Interference coefficients are introduced to characterize the mutual interference between the various components. Therefore, with this model, the hydrodynamic performance of ships, the oars and the rudder can be described separately. Besides, the model structure is clearer and the number of hydrodynamic derivatives is smaller with clearer physical meanings [START_REF] Ning Wang | Online self-constructing fuzzy neural identification for ship motion dynamics based on MMG model[END_REF][START_REF] Yang | Calculation of the Coefficients of Ships Resistant Force in MMG Model Based on CFD[END_REF][START_REF] Yasukawa | Investigation on the rudder force of a ship in large drifting conditions with the MMG model[END_REF][START_REF] Yasukawa | Introduction of MMG standard method for ship maneuvering predictions[END_REF].

Abkowitz model

Ship motions with 6-Dofs in Abkowitz model are described based on two

Cartesian coordinate system, that are, an inertial coordinate system fixed on the earth's surface (𝑂 0 -𝑥 0 𝑦 0 𝑧 0 ), and a body-fixed coordinate system on the ship (𝑂-𝑥𝑦𝑧), whose origin is located at the mass center of the ship(denoted by 𝑀 𝐺 )(see Fig 6. 1). As this work focuses on inland waterway navigation, the mathematical model here focuses on sway, surge and yaw. The motion equations are expressed as equation (6.1) [START_REF] Razgallah I | Investigation of the confinement effect on hydrodynamic derivatives of a 135m inland containership[END_REF]: Ψ is heading angle, δ is rudder angle, r is yaw rate. 𝑢 and 𝑣 𝑚 are the velocity components in 𝑥 and 𝑦 directions. Here the added mass coupling terms are ignored.

(
The coordinate for center of gravity of ship is defined (xG, 0, 0) in O-xyz system.

So at the center of gravity, the lateral velocity component is denoted: 𝑣 = 𝑣 𝑚 + 𝑥 𝐺 𝑟 (6.5)

After integrating equation (6.3) and (6.5) into equation (6.4), the resulting equations are as follows: 𝑉 𝑝𝑥 is surge velocity at center of gravity; 𝜉 P is wake coefficient at propeller position in maneuvering motions, which will change with maneuvering motions.

(
𝜉 P /𝜉 P0 = exp (-4𝛽 P 2 ) (1 -𝜉 P )/(1 -𝜉 P0 ) = 1 + 𝐶 1 (𝛽 P + 𝐶 2 𝛽 P |𝛽 P |) 2 (1 -𝜉 P )/(1 -𝜉 P0 ) = 1 + (1 -cos 2 𝛽 P )(1 -|𝛽 P |) 𝜉 P0 is wake coefficient at propeller position in straight moving; 𝛽 P is the geometrical inflow angle to the propeller in maneuvering motions.

•Hydrodynamic forces due to steering can be expressed [START_REF] Kramer | Simplified test program for hydrodynamic CFD simulations of wind-powered cargo ships[END_REF][START_REF] Sandeepkumar | A unified ship manoeuvring model with a nonlinear model predictive controller for path following in regular waves[END_REF]: By doing a first analysis, we observe that some forces and moment can be easily represented by a general formula, however, the hydrodynamic forces and moment (See ...) in the bending zones are complex and hard to be represented by a simple mathematical formula. This is because of the physical phenomena (propulsive and attractive forces). Where the force can change direction by varying some parameters. This behavior is similar in part to the behaviors of bank effect, which requires an accurate and appropriate analysis for these fitting formulas.

Conclusion remarks

In this section, the development of navigational simulators are first introduced.

Then the two well-known maneuvering models, Abkowitz model and MMG model are described in detail. The inland ship navigator by CEREMA adopts MMG model.

Finally, the results obtained from previous sections are fitted as surfaces in 3D view, and appropriate mathematical formulas are displayed below each figure. Then these mathematical formulas can be transformed as hydrodynamic derivatives and integrated into the maneuvering model in the simulator of CEREMA. Due to a time limit, the integration of the results into the navigational simulation of CEREMA has been in progress and will be finished later. Chapter 7

Conclusions and perspectives

Conclusions

In this thesis, a detailed numerical investigation was performed to study the hydrodynamic behavior of forces and moments in inland curved channels. For this purpose, a verified and validated CFD model based on unsteady RANS equations was used. This investigation has allowed us to better characterize the flow around ships navigating in inland curved areas and also to evaluate the impact of a series of vital parameters in bending zones (a series of navigational environmental parameters, including channel angle, channel bottom width, channel slope angle; a set of parameters related to ship behaviors and geometry, containing water depth to draft ratio, ship speed, drift angle and ship type (ship length)) on forces and moment acting on the ship. Interesting results have been obtained, among them the following:

(1) Contrary to what is known in naval hydrodynamics, when h/T ratio decreases or ship speed increases, the pressure at the bottom of the hull decreases, causing the sinkage. In the curved zones, the opposite is observed, the pressure will increase, especially at the bow zone. This increase is amplified when the channel angle increases.

(2) Compared to straight channels, the ship's resistance (𝑋 ′ ) is mostly impacted by the confinement (h/T) and the ship's speed (Vs). The increase of the channel angle amplifies significantly this behavior only for h/T variation, especially in very shallow, shallow and medium waters. This impact is principally due to the pressure component.

Channel angle has no effect on the change in resistance due to changes in ship speed.

(3) The sway force is the most sensitive force to the changes in restricted channel configurations. Where, its evolution as a function of the channel angle takes the form of Gaussian trend. The sway force increases with the channel angle augmenting, but the force starts reducing over a critical value of 60°, finally ends up changing direction.

The similar phenomenon can be noticed in ship type variation, where sway force increases fast until ship length around 5.5m, but starts decreasing after this critical value. We can also observe that the sway force depends strongly on the ship's speed and the channel width, where this force changes its nature from an attractive force towards the concave bank to a repulsive force for a given value of ship's speed and channel width. This behavior is more visible for larger values of channel angle. The drift angle influence on sway force is characterized by a linear increase.

(4) The yaw moment acting on the ship decreases with increasing h/T ratio and channel bottom width. However, it increases with increasing the ship speed, the channel angle, the ship's drift angle and ship length. It is also noted that the ship's moment changes its sign when the ship's drift is larger than 6° in channel with larger channel angle 120°.

(5) The results obtained in the thesis have been fitted as surfaces with appropriate mathematical formulas, in order to be analyzed and used to propose simplified formulas for bending effect. Then what's been derived can be integrated into the inland navigational simulator developed by CEREMA.

Perspectives

Future efforts will be made to enhance the outcomes and remove the remaining obstacles.

• In this thesis, the ship was fixed in the computational domain, while 6 DOF motions and fluid structure interaction can be considered in the next work.

• The thesis aimed at investigating the effect brought by the change in every single parameter, rather than the effect due to a superposition of multiple parameters. So the drift angle effect was studied separately in Chapter 5.

Besides, if multiple parameters were superposed, there would be large quantities of simulations produced, which is beyond the initial expectation of this thesis. In later work, more simulations superposing drift angle with other parameters can be investigated, although this will be extremely time consuming.
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 11 Fig 1. 1 Inland curved fairways (a) Source: Peakpx (b) Source:Don River, Russia, by HARRY VALENTINE

(

  introduced in the next paragraph) that may seriously impact the ship controllability in restricted bending channels are taken into consideration. The CFD method based on an unsteady Navier-Stokes solver in STARCCM+ is used to conduct this study. An inland container ship is selected for this investigation. The flow behaviours around the ship in restricted curved fairways are analysed in detail. This thesis firstly aims at the verification and validation of the CFD model based on ITTC recommendations. The optimum mesh settings are set up and numerical results are compared to those from experiments in towing tanks for validation. Secondly, a set of important parameters concerned navigational environment and ship behaviors and geometry in restricted curved channels are investigated with the validated CFD model. Thirdly, the factors related to the topology of a circular channel and ship particulars are characterized, which can significantly influence the maneuverability of the ship. Secondly, it helps us understand the flow behaviors around the ship in the bending sections of waterways. Fourthly, the hydrodynamic force variations and sensitivity of several parameters in bending zones are studied.
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 12 Fig 1. 2 Motion and force illustrations of the ship model in this work
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 13 Fig 1. 3 Ship generated waves and wake.
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 5 Nomenclature𝑽 Velocity [m s-1 ] 𝑉 𝑠 Ship speed [m s-1 ] 𝑝 Pressure [Pa] 𝜌 Fluid density [Pa s] 𝜂 Kinematic viscosity [N s m -1 ] 𝛼 Channel angle [°] ℎ/𝑇 Water depth to draft ratio [-] 𝑊 Channel bottom width [m] 𝛽 Drift angle [°] 𝐿 𝑝𝑝 Length between perpendiculars [m] 𝐵 Beam [m] 𝐻 Height [m] 𝐶 𝑏 Block coefficient [-] 𝑊 𝑠 Wetted surface area of ship [m 2 ] 𝐶 𝑠 Cross area of ship [m 2 ] 𝑋 Resistance force [N] 𝑌 Sway force [N] 𝑁 Yaw moment [N] 𝑋 ′ Non-dimensional resistance force [-] 𝑌 ′ Non-dimensional sway force [-] 𝑁 ′ Non-dimensional yaw moment [-] 𝑅 𝑖 Convergence ratio [-] 𝐶 𝑖 Correction factor [-] 𝛿 𝑖 Numerical error [-] 𝑃 𝑖 Order of accuracy [-] 𝑈 𝑖 Uncertainty [-] 𝐸 Errors [%] 𝜔 Angular velocity [rad/s] R Channel radius [m] M Moment [N/m] 𝑚 mass of ship [kg] 𝐹 𝑟 Froude number 𝑅 𝑒 Reynolds number Chapter 2

2. 1 . 2

 12 Continuity equation According to the definition of the law of conservation of mass, the mass per unit time that flows out of a fluid micro-element is equal to the reduction of the mass in that fluid micro-element during the same time. The conservation of mass equation is often referred to as the continuity equation. Considering incompressible fluid with a constant density, the following mass conservation equation can be obtained [107-109]:

2. 2

 2 Numerical methods for CFD 2.2.1 Generalities on CFD Computational fluid dynamics (CFD) is a popular discipline in recent years, having first emerged in the USA in the 1970s. It is a new and independent discipline based on classical fluid dynamics and numerical calculation methods, which is closely related to the development of computer technology. After decades of development, positive progress has been made in several areas such as potential flow wave resistance research, viscous flow around the hull, propeller performance calculation, ship wave resistance and ship maneuverability, etc
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 21 Fig 2. 1 Flow chart of CFD solution process
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 22 Fig 2. 2 Illustration for one side of a certain cell
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 23 Fig 2. 3 Illustration for all the faces of a certain cell
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 24 shows a simple region where the lines surrounding the region denote the boundaries. It should be noted that boundaries can never be shared between regions, and a specific boundary belongs to only one region. Fig 2. 5 illustrates three adjacent individual regions, where the dotted lines show the boundaries that isolate each region.
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 24 Fig 2. 4 A simple region surrounded by boundaries
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 26 Fig 2. 6 Comparison among DNS, LES, RANS (Source: A. Maries, University of Pittsburgh)
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 27 Fig 2. 7 Numerical simulation for turbulence
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 15 Turbulent viscosity coefficient 𝜇 𝑡 is a function of spatial coordinates and are parameters of the fluid flow state rather than physical properties of the fluid parameter.As long as 𝜇 𝑡 can be determined, and the value is then put together with RANS equation so that the equation set can be closed. Depending on the number of differential equations determined, vortex viscosity model can be classified as zeroequation model, one-equation model and two-equation model, among which the twoequation model treats Reynolds stresses better and is the most widely used in engineering calculations[START_REF] Troshko | A two-equation turbulence model of turbulent bubbly flows[END_REF]. The two-equation model is used in this work. 2.3.2 Turbulence models Turbulence model is based on the Reynolds mean equation of motion and the pulsating equation of motion. It is a closed set of equations describing the mean Reynolds flow based on a combination of theoretical and empirical assumptions [136]. In two-equation model, k-ε model and k-ω model are dominated. The k-ε model calculates the turbulent viscosity coefficient by solving the transport equation for the turbulent kinetic energy k and the turbulent dissipation rate ε, which is the most widely used model in engineering applications. The k-ε model mainly incorporates Standard k-ε model, RNG k-ε model [137, 138] and Realizable k-ε model [139-142]. The k-ω model is based on solving for the transport equation of the turbulent kinetic energy k and the turbulent specific dissipation rate ω (dissipation rate per unit of turbulent kinetic energy ε/k) to calculate the turbulent viscosity coefficient. The k-ε model mainly includes Standard k-ω Model and SST k-ω Model [143, 144].

  Fig 2. 9 gives an illustration of the real interface between air and water for flow around a hydrofoil. Fig 2. 10 depicts an example to show the interface in a CFD simulation concerning a tank discharge flow, where the red part refers to liquid and the blue part corresponds to gas.

Fig 2 . 9

 29 Fig 2. 9 Flow around a hydrofoil (Source: CD-Adapco)

  Volume fractioncomplicated, and the whole interface position is in the continuous changing process, which consequently increases the difficulty of calculations about free surface.The problem of free surface simulation plays a very important role in the study of CFD. The correct simulation of free surface will directly affect the reliability and accuracy of calculation results. At present, there are mainly three possible approaches dealing with interface monitoring issues, namely Front Tracking, Level-Set, and Volume of fluid(VOF)[START_REF] Nichols | Volume of Fluid (VOF) Method for the Dynamics of Free Boundaries[END_REF], among which volume of fluid (VOF) is the most commonly used.VOF method is proposed by Hirt and Nichols[START_REF] Katopodes | Volume of Fluid Method[END_REF] which can be used to deal with arbitrary free surfaces. The interface capture is achieved chiefly by two specific algorithms called SLIC (simple line interface calculation) and PLIC (piecewise-linear interface calculation), which will be introduced below. The method assumes that all immiscible fluids present in the control volume share temperature, pressure, and velocity. The principle of it is to solve the indissoluble fluids with the same momentum equations in the whole control domain, and track the volume fractions of each kind of fluid[START_REF] Katopodes | Volume of Fluid Method[END_REF][START_REF] Albadawi | Influence of surface tension implementation in Volume of Fluid and coupled Volume of Fluid with Level Set methods for bubble growth and detachment[END_REF][START_REF] Chakraborty | A coupled level-set and volume-of-fluid method for the buoyant rise of gas bubbles in liquids[END_REF][START_REF] Hoang | Benchmark numerical simulations of segmented two-phase flows in microchannels using the Volume of Fluid method[END_REF][START_REF] Malgarinos | VOF simulations of the contact angle dynamics during the drop spreading: standard models and a new wetting force model[END_REF][START_REF] Owkes | A computational framework for conservative, three-dimensional, unsplit, geometric transport with application to the volume-of-fluid (VOF) method[END_REF]. The VOF model is virtually an Eulerian model for processing a continuous medium containing multiple fluids, and it's better at investigating multiphase flow simulations where two phases are interfaced but don't mix with each other. Also, the multiphase segregated flow model based on an Eulerian-Eulerian formulation where each separate phase has its own set of conservation equations is employed.

Fig 2 .

 2 [START_REF] Huang | Three-Dimensional Numerical Modeling of Secondary Flows in a Wide Curved Channel[END_REF] to showcase the applications.

Fig 2 . 11

 211 Fig 2. 11 Applicable cases of VOF method (a) Interaction between two liquids (Source: Courses A. Bakker) (b) Fluid flow under gravity (Source: LEAP CFD Team)) (c) Liquid flow in a fuel tank (Source: Autodesk)

Fig 2 .

 2 Fig 2. 12 shows different volume fractions with corresponding phases in a cell clearly, where the blank region is air, while the blue region is liquid. Fig 2. 13depicts the volume fraction of air in an actual CFD simulation, in which 𝑎 2 =0.5 corresponds to the interface. While for 𝑎 2 >0.5, the region is full of air, and for 𝑎 2 <0.5, the region is filled with water.
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 212 Fig 2. 12 Definition of the volume fraction in a cell

  Fig 2. 14 (a) describes the position of the interface; Fig 2. 14 (b) shows the interface captured by simple line interface calculation donor-acceptor (SLIC); Fig 2. 14 (c) exhibits the interface captured by piecewise line interface calculation (PLIC).
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 282 Fig 2. 14 Reconstruction techniques for the interface

Fig 2 .Fig 2 . 16

 2216 Fig 2. 15 (b) and (c) depict the interface with wave patterns.

Fig 2 .

 2 Fig 2. 17 Flow / Iterative resolution algorithms

  . The first step to create an overset simulation is to determine a proper arrangement of regions, that is, where the overset mesh boundaries should be assigned and the regions are coupled together utilizing overset interfaces. A background region encircles the whole solution domain in a typical overset simulation, while one overset region surrounds a body like a boat hull or an airfoil. The outer surface of the overset region is defined as an overset boundary. If the overset region slides on the boundary of the background region, then the portion of the overset region boundary that slides on the background region boundary must have the same boundary type as the boundary on which it slides.

Fig 2 .

 2 Fig 2. 18 is the real simulation done in this thesis, which shows the composition of the computational domain, where the domain ahead of the ship model has been extended so that the ship has a longer way to navigate. The outer sides of the overset region were set overset mesh boundary, but the bottom was set wall boundary, which was applied the same boundary condition as the bottom of the background region.

Fig 2 .

 2 Fig 2. 18 3D view of the computational domain for overset simulation with a cross section shown (cross section: Plane A )

Fig 55 Fig 2 . 19

 55219 Fig 2. 19 Overset mesh scene of the computational domain, the overset region and the background region

3. 1

 1 Ship geometry model The actual ship model was firstly constructed by a CAD software dedicated to the ship design. Then it was imported into STARCCM+ in the numerical simulations, and scaled with isotropic scale factor of 1/25. The main characteristics of full scale for the real ship and model scale for the model ship are depicted in Table 3. 1. The lines plan and 3D CFD model are shown in Fig 3. 1 and Fig 3. 2 respectively. After transforming the real ship, the mass center of the model ship is situated at (2.7, 0, 0.096879).

Fig 3 . 1 Fig 3 . 2 59 Fig 3 . 3 Fig 3 . 4

 3132593334 Fig 3. 1 Lines plan of the self-propelled ship
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 3518031 Fig 3. 5 2D-view of the computational domain
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 3637 Fig 3. 6 3D-view of the Computational domain(α=120°) with boundary conditions
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 38 Fig 3. 8 described the process of generation for a trimmed mesh for an input surface. The template is firstly generated from hexahedral cells using the target size; then the core mesh is trimmed using the input surface; the resulting mesh consists predominantly of hexahedral cells with trimmed cells next to the surface. Trimmed cells are polyhedral cells but can normally be regarded as hexahedral cells with one or
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 38 Fig 3. 8 The process for generation of a trimmed mesh
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 310 Fig 3. 10 Mesh scene for coarse, medium and fine grid settings
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 312313 Fig 3. 12 Mesh convergence results for 𝑋 ′ , 𝑌 ′ and 𝑁 ′
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 3 Fig 3. 15 Illustration for prism layers
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 3 Fig 3. 16 Graphic for stretch factor
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 318 Fig 3. 18 Relation between nodes and layers (Source: Starccm+ users' guidelines)

Fig 3 . 22

 322 Fig 3. 22 Wave elevation contours for validation simulations (a)Vs=0.335m/s, (b) Vs=0.4485m/s, (c) Vs=0.575m/s

Fig 3 . 6 )

 36 Fig 3. 6). Meanwhile, the hydrodynamic forces and moment are divided into pressure component and frictional component due to 𝑋 ′ = 𝑋 𝑝 ′ + 𝑋 𝑓 ′ , 𝑌 ′ = 𝑌 𝑝 ′ + 𝑌 𝑓 ′ , 𝑁 ′ = 𝑁 𝑝 ′ + 𝑁 𝑓 ′ , where prime 'p' and 'f' indicate pressure and friction respectively. The detailed expressions are shown as follows:
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 24142 Fig 4. 1 Configurations of the computational domain for different channel angles
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 43 Fig 4. 3 Wave elevation contours in Config. A (a) to (d): 𝛼=30°, 60°, 90°, 120°
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 4445 Fig 4. 4 Free surface elevation around the ship hull in Config. A (a) cross section Ⅱ (Bow section); (b) cross section Ⅲ(Middle section); (c) cross section Ⅳ (Stern section)

  Fig 4. 3, wave reflections on convex bank sides are disappearing as α grows. By measurement, the Kelvin angle in curved channels is

Fig 4 . 8 .

 48 Fig 4. 8. However, the streamlines are affected little by the variations of W.
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 4647 Fig 4. 6 Non-dimensional hydrodynamic forces and moment of the ship under different W
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 48 Fig 4. 8 Pressure distribution with streamlines around the ship hull in Config. B (a) to (e): W= 1.888m, 2.36m, 2.832m, 3.304m, 3.776m for 𝛼=30°(f) to (j): W= 1.888m, 2.36m, 2.832m, 3.304m, 3.776m for 𝛼=120°

4 103 Fig 4 . 9

 410349 Fig 4. 9 Non-dimensional results of channel slope angle on ship hydrodynamics

  Fig 4. 11 Pressure contours with streamlines of slope angle variation (a) to (d): slope angle is 13º , 27º , 50º , 90º respectively
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 52110511115253 Fig 5. 1 Non-dimensional hydrodynamic forces and moment of the ship under different h/T ratios

Fig 5 . 4 Fig 5 . 5

 5455 Fig 5. 4 Free surface elevation around the ship hull in Config. D (a) cross section Ⅱ (Bow section); (b) cross section Ⅲ (Middle section); (c) cross section Ⅳ(Stern section)
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 553 Effect of ship speed (Vs) on ship hydrodynamics Section 5.3 is dedicated to explaining the influence of Vs on ship hydrodynamics, where the results are based on Config. E in Table 5. 1. According to Fig 5. 6, there is not much difference in 𝑋 ′ at low Vs for all configurations. As Vs increases, 𝑋 ′ is increasing faster and faster for all configurations.

(5. 1 ) 119 Fig 5 . 6 120 Fig 5 . 7

 11195612057 Fig 5. 6 Non-dimensional hydrodynamic forces and moment of the ship under different Vs

  8 and Fig 5. 10 respectively). For the ship in large-curvature channels (𝛼=120°) at high Vs, the water level in middle section around the concave bank is higher than that around convex bank (see Fig 5. 9 b), which contributes to generating more waves and growth in hydrostatic pressure (see Fig 5. 8 and Fig 5. 10), and consequently, rapid growth in 𝑌 ′

Fig 5 . 8 123 Fig 5 . 9 Fig 5 . 10

 5812359510 Fig 5. 8 Wave elevation contours for configuration of 𝜶=120°, h/T=1.2 in Config. E (a) to (d): Vs=0.205m/s, 0.4115m/s, 0.6173m/s, 0.823m/s

  coordinate differ slightly and z coordinate keeps constant. So the ship will have the trend of pitching during this process, which causes sinkage by the stern. This also corresponds to what's derived from Fig 5. 10.5.4 Effect of drift angle (β) on ship hydrodynamicsDrift angle β is a significant controllability parameter for pilots.Section 5.4 

Fig 5 .

 5 Fig 5. 11 Non-dimensional hydrodynamic forces and moment of the ship under different β

Fig 5 .

 5 14 a). This is beneficial for the ship to correct its course in time. While for 𝛼=120° where the channel curvature is very large, the mainstream flows near the concave bank in the middle section of the fairway due to a large centrifugal force. It is not that sensitive and useful to adjust course by way of the current anymore, since the ship needs a large β to encounter the streamlines. What's worse, 𝑋 ′ and 𝑌 ′ will surge after β surpasses the critical value. Coupled with the large 𝑁 ′ , accidents are more prone to occurring for ships navigating in large-curvature fairways. At this time, pilots have to correct the yaw continually once the ship goes off course.According toFig 5. 13, the results here are different from the findings above. The

Fig 5 . 13 Fig 5 . 14

 513514 Fig 5. 13 Free surface elevation around the ship hull in Config. F (a) cross section Ⅱ (Bow section); (b) cross section Ⅲ (Middle section); (c) cross section Ⅳ (Stern section)

Fig 5 .

 5 Fig 5. 15 Non-dimensional results of ship type on ship hydrodynamics

17

 17 

  (e) to (f)). Therefore, 𝑌′ can be noticed decreasing from Lpp =5.4m to Lpp =7.2m. Owing to the larger curvature of mainstream, there is relatively less part of mainstream flowing through the bottom of the hull, and 𝑋′ also grows slowly from Lpp =5.4m to Lpp =7.2m as a result.The free level change mentioned above, combined with the larger curvature of streamlines around the ship in the case of large Lpp (signifying that stronger spriral flow exists) will cause 𝑁′ to increase more and more rapidly as Lpp grows. Therefore, long ship is more prone to drifting in curved channels. Due to different ship beams of the models, pressure distributed on the ship bottom (see Fig 5.17) and wave elevation (see Fig 5. 16) around the hull both show a trend of decreasing first and then increasing.

Fig 5 . 16 Fig 5 . 17 Fig 5 . 18

 516517518 Fig 5. 16 Free surface elevation contours of ship type variation (a) to (f): Lpp = 1.54m, 2.68m, 3.6m, 4.4m, 5.4m, 7.2m corresponding beam = 0.202m, 0.328m, 0.38m, 0.45m, 0.45m, 0.45m

Fig 5 . 19

 519 Fig 5. 19 Ship with propellers and rudders

  Fig 5. 20 respectively. The rudder dimensions can be seen in Fig 5. 21. The mesh scene and positions for propellers and rudders are shown in Fig 5. 22.

Fig 5 . 20 Fig 5 . 21

 520521 Fig 5. 20 Performance curve of propeller[START_REF] Kaidi | CFD Investigation of Mutual Interaction between Hull, Propellers, and Rudders for an Inland Container Ship in Deep, Very Deep, Shallow, and Very Shallow Waters[END_REF] 

  𝑚 + 𝑚 𝑥 )𝑢̇-(𝑚 + 𝑚 𝑦 )𝑣𝑟 = 𝑋 (𝑚 + 𝑚 𝑦 )𝑣̇+ (𝑚 + 𝑚 𝑥 )𝑢𝑟 = 𝑌 (𝐼 𝑧𝑧 + 𝐽 𝑧𝑧 )𝑟̇= 𝑁 (6.1)Where 𝑋 represents resistance force in this thesis, 𝑌 is the force applied on the ship hull in 𝑦-axis, and 𝑁 is the yaw moment around 𝑧-axis. 𝑢̇, 𝑣̇, and 𝑟̇ represent cinematic and angular accelerations respectively, 𝑟 is angular velocity of yaw, 𝐼 𝑧𝑧 is inertia moment around 𝑧-axis, 𝑚 denotes mass of the ship. 𝐽 𝑧𝑧 , 𝑚 𝑥 , 𝑚 𝑦 are produced owing to added inertia and mass.

Fig 6 . 1

 61 Fig 6. 1 Coordinate system for ship maneuvering motion in Abkowitz model

  are cross-coupled coefficients for the third-order derivatives. Dimensionless linear velocities along x and y axis are denoted by 𝑢 ′ and 𝑣 ′ . The fluctuation in surge velocity is ∆𝑢. The value of the reference steady state for 𝑋 ′ is 𝑋 * . 𝛿 is 0 as no rudders are considered in this work.6.1.2 MMG modelIn MMG model, Dofs of surge, sway and yaw are represented in the maneuvering motions of inland ships. According to Fig 6.2, 𝑂 0 -𝑥 0 𝑦 0 𝑧 0 , is the space-fixed coordinate system, inside which the plane 𝑥 0 -𝑦 0 corresponds to the water surface, and Z0 point downward vertically. 𝑂-𝑥𝑦𝑧 is a moving coordinate system fixed on the ship, where the point 𝑂 is the midship with the 𝑥, 𝑦, and 𝑧 axes pointing, respectively, toward the bow, to the starboard, and downwards vertically.

Fig 6 . 2

 62 Fig 6. 2 Coordinate system for ship maneuvering motion in MMG model

5 Fig 6 . 4 2 - 3 . 3 Fig 6 . 5

 56423365 Fig 6. 4 Fitting surfaces for results of h/T ratio effect

Fig 6 . 6

 66 Fig 6. 6 Fitting surfaces for results of channel bottom width effect

  𝑋 ′ = 0.08141 +4.292e -05 * 𝛼 -0.01615 *𝛽 + 0.0001014 * 𝛼 * 𝛽 + 0.008229*𝛽 2 -2.498e -05 * 𝛼 *𝛽 2 -0.0008967*𝛽 3 + 2.255e -06 * 𝛼 *𝛽 3 + 3.587e -05 *𝛽 4 𝑋 ′ 𝑁 ′ = 0.005146 -0.0004521* 𝛼 + 0.008214 * 𝛽 + 1.689e -05 * 𝛼 * 𝛽 + 0.0002149 *𝛽 2 -1.164e -05 * 𝛼 *𝛽 2 + 8.629e -05 *𝛽 3 + 7.705e -07 * 𝛼 *𝛽 3 -7.238e -06 *𝛽 4

Fig 6 . 7

 67 Fig 6. 7 Fitting surfaces for results of drift angle effect

Fig 4 . 2 ,

 42 Fig 4. 2, Fig 4. 6, Fig 5. 6...) in the bending zones are complex and hard to be represented
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 6 Fig 4. 2, Fig 4. 6, Fig 5. 6...) in the bending zones are complex and hard to be represented
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	1. Introduction
	1.1 Background and state of the art review

  𝜌 is density of fluid; 𝑢, 𝑣 and 𝑤 are spatial velocity components in 𝑥, 𝑦 and 𝑧 directions respectively; 𝑡 is time; 𝑝 is pressure acting on micro-element of fluid; 𝜇 is the dynamic coefficient of viscosity; 𝑆 𝑢 , 𝑆 𝑣 and 𝑆 𝑤 are sources term of the momentum equation.

	𝜌 ( ∂(𝑢) ∂𝑡 𝜌 ( ∂(𝑣) ∂𝑡	+ +	∂(𝑢𝑢) ∂𝑥 ∂(𝑢𝑣) ∂𝑥	+ +	∂(𝑢𝑣) ∂𝑦 ∂(𝑣𝑣) ∂𝑦	+ +	∂(𝑢𝑤) ∂𝑧 ) = -∂(𝑣𝑤) ∂𝑧 ) = -∂𝑝 ∂𝑝 ∂𝑥 ∂𝑦	+ 𝜇 ( ∂ 2 𝑢 ∂𝑥 2 + + 𝜇 ( ∂ 2 𝑣 ∂𝑥 2 + ∂𝑦 2 + ∂ 2 𝑢 ∂𝑦 2 + ∂ 2 𝑣 ∂ 2 𝑣 ∂ 2 𝑢 ∂𝑧 2 ) + 𝑆 𝑢 ∂𝑧 2 ) + 𝑆 𝑣	(2.4)
	{ 𝜌 ( ∂(𝑤) ∂𝑡	+	∂(𝑢𝑤) ∂𝑥	+	∂(𝑣𝑤) ∂𝑦	+	∂(𝑤𝑤) ∂𝑧 ) = -	∂𝑝 ∂𝑧	+ 𝜇 ( ∂ 2 𝑢 ∂𝑥 2 +	∂ 2 𝑢 ∂𝑦 2 +	∂ 2 𝑢 ∂𝑧 2 ) + 𝑆 𝑤
	Where,										
	:										

  ′ 𝑢 ′ ̅̅̅̅̅̅ , -𝜌𝑢 ′ 𝑣 ′̅̅̅̅̅̅ , -𝜌𝑢 ′ 𝑤 ′ ̅̅̅̅̅̅ are Reynolds stress terms.

	-𝜌𝑢 𝑖 ′ 𝑢 𝑗 ′ ¯= 𝜏 𝑖𝑗 = 𝜇 𝑡 (	∂𝑢 𝑖 ∂𝑥 𝑗	+	∂𝑢 𝑗 ∂𝑥 𝑖	) -	2 3	(𝜌𝑘 + 𝜇 𝑡	∂𝑢 𝑘 ∂𝑥 𝑘

Compared with N-S equation, the turbulent stress in RANS equation includes not only the stress caused by viscosity, but also Reynold stress due to turbulent pulsating motion. So the equation system is not closed. Depending on the assumptions made or the treatment of stress, there are two main types of turbulence models in common use today, which are called Reynolds stress model and vortex viscosity model. The concept of turbulent viscosity coefficient was introduced based on Boussinesq's vortex viscosity assumption, and the Reynolds stress can be expressed as a function of the turbulent viscosity coefficient, as is illustrated by equation (2.13): ) 𝛿 𝑖𝑗 , (𝑖, 𝑗 = 1,2,3) (2.13) For incompressible fluid, equation (2.4) can be simplified as equation (2.14):

  𝐺 𝑘 is the average velocity gradient term induced by turbulent kinetic energy 𝑘; 𝜎 𝑘 , 𝜎 𝜀 are Prandt number corresponding to turbulent kinetic energy 𝑘 and dissipation rate 𝜀; 𝐶 1𝜀 and 𝐶 2𝜀 are empirical constants. According to the recommended values from Launder et al. and later experimental verification, it is defined that 𝐶 1𝜀 =1.44, 𝐶 2𝜀 =1.92, 𝜎 𝜀 =1.3, 𝜎 𝑘 =1.0.

						𝜌𝑘𝑢 𝑖 ) ∂𝑥 𝑖	=	∂ ∂𝑥 𝑗 𝐺 𝑘 = -𝜌𝑢 𝑖 [(𝜇 + 𝜇 𝑡 𝜎 𝑘 ) ′ 𝑢 𝑗 ∂𝑘 ∂𝑥 𝑗 ′ ̅̅̅̅̅̅ ∂𝑢 ̅ 𝑖 ] + 𝐺 𝑘 -𝜌𝜀 ∂𝑥 𝑗	(2.16) (2.20)
	∂(𝜌𝜀) ∂𝑡	+	∂(𝜌𝜀𝑢 𝑖 ) ∂𝑥 𝑖	=	∂ ∂𝑥 𝑗	[(𝜇 + 𝜇 𝑡 = 𝜌 𝜇 𝑡 𝜎 𝜀 )	∂𝜀 ∂𝑥 𝑗 𝑘 𝜔	] +	𝐶 1𝜀 𝜀 𝑘	𝐺 𝑘 -𝐶 2𝜀 𝜌	𝜀 2 𝑘	(2.17) (2.21)
	According to the assumption by Boussinesq, the equation (2.18) and (2.19) can be
	∂𝑡 Where, ∂ transformed into:	(𝜌𝑘) +	∂ ∂𝑥 𝑗	(𝜌𝑘𝑢 ̅ 𝑗 ) =	∂ ∂𝑥 𝑗	[(𝜇 +	𝜇 𝑡 𝜎 𝑘	)	∂𝑘 ∂𝑥 𝑗	] + 𝐺 𝑘 -𝜌𝛽 * 𝑘𝜔	(2.18)
	∂ ∂𝑡	(𝜌𝜔) +	∂ ∂𝑥 𝑗	(𝜌𝜔𝑢 ̅ 𝑗 ) =	∂ ∂𝑥 𝑗	[(𝜇 +	𝜇 𝑡 𝜎 𝜔	)	∂𝜔 ∂𝑥 𝑗	] + 𝛼	𝜔 𝑘	𝐺 𝑘 -𝜌𝛽𝜔 2	(2.19)
	Thereinto,												

Besides, the model above is established as for the turbulence with high Reynolds number, therefore, realizable 𝑘 -𝜀 two-layer is adopted for a special treatment in situations with low Reynolds number like near-wall flow.

2.3.2.2 Standard k-ω Model

In the Standard k-ω model, low Reynolds number and compressible flow are considered, and at the same time, the sensitivity to adverse pressure gradients is improved. Hence, better results can be obtained when solving problems of boundary layer under pressure gradients. Besides, there is no need to determine the object surface normal to the near-wall flow problem, overcoming the shortcomings of the Standard k-ε Model for near-wall flow

[START_REF] Dow | Quantification of Structural Uncertainties in the k -ω Turbulence Model[END_REF][START_REF] Menter | Influence of freestream values on k-omega turbulence model predictions[END_REF]

.

Table 3 .

 3 

				1 Characteristics of the ship model		
		Length between perpendiculars, Lpp/m	Beam, B/m	Moulded depth, H/m	Draft, T/m	Block coefficient, 𝐶 𝑏	Wetted surface, 𝑊 𝑠 𝑚 2	Cross area of ship, 𝐶 𝑠 𝑚 2
	Full scale	134.58	11.4	6	2.5	0.899	2104.8	34.114
	Model scale	5.4	0.45	0.24	0.1	0.899	3.367	0.045

Table 3 .

 3 

			2 Mesh convergence results	
	Grid	Grid number	𝑋 ′	𝑌 ′	𝑁 ′
	Coarse	513302	0.1183067	0.0323387	-0.0549988
	Medium	1521722	0.1118393	0.0110841	-0.0598951
	Fine	5449767	0.110775	0.0095047	-0.0598819
	𝑅 𝑖	-	0.1645626	0.0743094	-0.002683
	Convergence	-	Monotonic	Monotonic	Oscillatory
	condition				
	𝐶 𝑖	-	5.076712338	12.4572308	-
	𝛿 𝑖	-	0.000209641	0.000126787	-
	𝑃 𝑖	-	5.206581997	7.500619321	-
	𝑈 𝑖	-	0.001918929	0.003032049	0.002448143
	(a)				

Table 3

 3 

	. 2 (α=120°, h/T=1.2, 𝑉 𝑠 =0.6173m/s,

Table 3 .

 3 

	Errors
	E/%

3 Comparisons between simulations and experiments Ship speed 𝑉 𝑠 /𝑚 𝑠 -1 Resistance of numerical simulation Xn/N Resistance of experiment (divided by 2) Xe/N

Table 4 .

 4 

		1 Simulation configurations for effect of navigational environment
		Config. A	Config. B	Config. C
		Channel angle variation	Channel bottom width variation	Channel slope angle variation
	Total simulation case quantity	7	8	4
	Channel angle, α / °	0, 30, 60, 75, 90, 105, 120	30, 120	87.34
	h/T	1.2	1.2	1.2
	Ship speed, 𝑉 𝑠 /𝑚 𝑠 -1	0.6173	0.6173	0.6173
	Channel bottom width, W/m	2.36	1.888, 2.36, 2.832, 3.304, 3.776	2.36

Table 5 .

 5 1 Simulation configurations for effect of ship behavior and geometry Effect of h/T ratio on ship hydrodynamics Section 5.2 elaborates the effect of h/T ratio on ship hydrodynamics, whose consequences come from the simulations of Config. D in Table5. 1. In this thesis, it's

		Config. D	Config. E	Config. F	Config. G
		h/T variation	Ship speed variation	Drift angle variation	Ship type variation
	Total simulation case quantity	9	20	4	6
	Channel angle, α / °	0, 30, 120	30, 90, 120	30, 120	87.34
	h/T	1.2, 1.5, 2.0, 3.0	1.2, 2.0	1.2	1.2

defined: h/T=1.2 very shallow waters, h/T=1.5 shallow waters, h/T=2.0 medium-deep waters, h/T=3.0 deep waters.

Table 5 . 2

 52 Ship's center of load with h/T changing for configuration 𝜶=120°, Vs=0.6173m/s

	h/T	1.2	1.5	2.0	3.0
	G coordinate				
	x	0.07444	0.0772	0.0495	0.0362
	y	-2.87*10 -5	-2.04*10 -4	-3.12*10 -5	-6.59*10 -5
	z	0	0	0	0

  2. Also, one simulation of Vs=0.72m/s is added to the configuration 𝛼=120°, h/T=2. Their results follow the trends of the two curves, which confirms the correctness of the curve tendencies. For 𝛼=30° and 𝛼=90°, 𝑌 ′ in very shallow waters (h/T=1.2) is increasing faster as Vs grows, while 𝑌 ′ in medium-deep waters (h/T=2.0) nearly keeps constant. However, as for 𝛼=120°, 𝑌 ′ decreases very little for both deep and restricted waters when Vs is lower than a critical value. The critical value for shallow waters is around 0.72m/s, and is about 0.4115m/s for deep waters. The opposite direction of 𝑌 ′ in this configuration compared with the others has been proved in Section 4.2. When Vs exceeds the critical value, 𝑌 ′ starts increasing a lot as Vs grows, and the magnitude of increase in very shallow waters (h/T=1.2) is even more significant than that in medium-deep waters (h/T=2).The wave elevation and pressure distribution around the ship for the configuration of 𝛼=120° and h/T=1.2 is taken as example to show the results of wave elevation and pressure distribution around the ship (seeFig 5. 

Table 5 . 3

 53 Ship's center of load with Vs changing for configuration 𝜶=120°, h/T=1.2

	Vs	0.205	0.4115	0.6173	0.823
	G coordinate				
	x	0.0385	0.04634	0.07104	0.1204
	y	-2.92*10 -5	-2.76*10 -5	-1.198*10 -5	-7.39*10 -5
	z	0	0	0	0

Table 5 .

 5 

	4 Propeller type
	Propeller type	Value at fixed pitch
	Number of propellers(np)	2
	Number of blades(z)	5
	Propeller diameter [𝐷 𝑃 (m)]	0.08
	Hub diameter ratio [𝑑 ℎ 𝐷 𝑃 ⁄ (m)]	0.03

Table 6

 6 . 1. For all the configurations, the channel angle α = 120°, channel bottom width W=2.36m, h/T=1.2, channel slope angle γ is 27°, the rudder angles are all set 35°. Advance coefficient 𝐽 =0.6 (See Fig 5. 20) is chosen due to the

	highest efficiency of propeller, hence according to equation (5.7), for Vs=0.205m/s ,
	the propeller rate = 256.25 rpm; for Vs=0.6173m/s, the propeller rate =771.62 rpm. In
	addition, to obtain a good resolution of the flow field around the virtual disk,
	cylindrical volumetric refinement zones are added around both of the propellers in the
	simulations.

Table 6 .

 6 

			1 Simulation configurations for propeller and rudder effect		
	β (°)		0		3		6		9	
	rpm	𝑁 ′	𝑁 𝑆 ′	𝑁 𝑅 ′	𝑁 𝑆 ′	𝑁 𝑅 ′	𝑁 𝑆 ′	𝑁 𝑅 ′	𝑁 𝑆 ′	𝑁 𝑅 ′
	256.25	-0.072	-0.020 -0.024	0.031	0.007	0.030	0.057	0.028
	771.62	-0.475	-0.147 -0.140	0.287	0.095	0.246	0.355	0.228
	(𝑁 𝑆 ′ : Moment of ship; 𝑁 𝑅								

′ : Moment of rudder; β: Drift angle; rpm: propeller rate)

  . 𝑁 ′ is sensitive to both h/T and 𝛼. For 𝛼=120°, 𝑁 ′ diminishes fast in shallow waters as h/T increases, but its magnitude of change becomes small for h/T > 2. For 𝛼=30°, 𝑁 ′ goes down slowly with h/T increasing in shallow waters, while it's almost unchanged after that. Besides, 𝑋 𝑝 ′ dominates in shallow waters, but 𝑋 𝑓 ′ starts coming to dominance after h/T surpasses a critical value. Yet 𝑌 𝑝 ′ and 𝑁 𝑝 ′ dominate all the time. Hence, an increase in water depth is beneficial for eliminating the resistance and yaw of a ship. Vs for shallow waters is larger than deep waters, and 𝑌 ′ declines more seriously in shallow waters after the critical Vs. 𝑁 ′ is increasing for all the configurations as Vs rises, but 𝑁 ′ boosts faster for larger 𝛼 and shallower waters. Specifically, h/T affects 𝑁 ′ more for large 𝛼, while 𝛼 influences 𝑁 ′ more for shallow waters. Also, 𝑋 𝑝 ′ and 𝑋 𝑓 ′ occupy nearly the same proportion in 𝑋 ′ , while pressure components dominate in 𝑌 ′ and 𝑁 ′ .

However, pressure around the ship will increase with h/T ratio reducing. This is different from what we know about the shallow water effect.

(2) 𝑋 ′ increases faster and faster with Vs growing, especially in shallow waters. For 𝛼≤90° in shallow waters(h/T=1.2), 𝑌 ′ is increasing more and more with Vs ascending;

For 𝛼 ≤90° in deep waters(h/T=2), 𝑌 ′ increases little with Vs growing. While for 𝛼=120°, 𝑌 ′ starts rising a little as Vs grows. But when Vs exceeds a critical value, 𝑌 ′ commences reducing due to the strong interaction with the concave bank. Moreover, the critical

  ) A Ship should have a drift angle when entering bending zones, since the rudder moment can not offset the ship moment when ship drift is 0.National Biodynamics Laboratory in USA has developed ship motion simulator with 3 Dofs, which is able to conduct research on the working ability and technical level of offshore staff under various sea conditions. Besides, Lakehurst of USA managed to design ship motion simulator with 6 Dofs, and it can simulate the Cerema in France is the only institute that has been committed to the development of an inland river ship simulator in France. The simulator can conduct a navigational safety assessment of vessels' crossing inland bridges, considering different types and numbers of ships at the same time. Also, it can simulate ships crossing to study ship crossing effects in the Seine river. Last but not the least, it's also used to check whether infrastructures are compatible with inland navigation. However, relies on the experience of pilots who often carry out this type of simulations on the simulator. It has been reported on several occasions that the behavior of the ships at bending zones differs from reality, this feeling has also been recorded on other simulators. As expressed above, this behavior is completely due to the flow nature in these zones.

	movement law of ships in Class 5 sea conditions [201, 202]. KONGSBERG
	MARINETIME in Norway produces ship control simulator series products, enabling
	basic ship maneuvering simulation function, as well as dynamic positioning, engine
	compartment simulation, simulations of liquid cargo operation, etc. The Polaris ship
	bridge simulator developed by KONGSBERG has 26 ship bridge equipments and 8
	simulation stations, which can realize joint training of multiple ships [203, 204].
	International Maritime Research Center in Japan developed a ship simulator with
	a cylindrical projection screen, on which the view within the bridge can be projected.
	Besides, there are also screens equipped on the ground to show the mooring view. The
	vertical angle of view of the simulator can reach 40 °, and the horizontal angle of view
	can arrive at 240° [207, 208].
	Maritime simulator developers introduced above have been dedicated to
	developing navigational simulators for ages, and have succeeded in a mature system.
	However, they focus on simulators used for the open sea, while are not involved in the
	development of inland ship simulators. Due to inland canal restrictions and unique
	ship layouts, inland ship maneuverability has more difficult characteristics than that
	of seagoing ships.

A large full-mission ship simulator was developed by Canadian Institute of Navigation, whose horizontal angle of view can reach 360 °, and vertical angle of view can reach 27 °. The ship motion simulation mechanism with six degrees of freedom can realistically simulate the effects of hull vibration and wave impact

[START_REF] Cohen | Modelling environmental and cognitive factors to predict performance in a stressful training scenario on a naval ship simulator[END_REF][START_REF] Varela | Interactive 3D desktop ship simulator for testing and training offloading manoeuvres[END_REF]

.

  . The most widely used mathematical models based on equations of motion are the Abkowitz model and the MMG model [215-217]. Abkowitz model is a non-linear mathematical model of ship maneuvering motion, which was first proposed by Abkowitz in 1964 [236, 237].

  𝑋 ′ = 𝑋 * +𝑋 𝑢̇𝑢 ̇′ + 𝑋 𝑢 Δ𝑢 ′ + 𝑋 𝑢𝑢 Δ𝑢 ′2 + 𝑋 𝑢𝑢𝑢 Δ𝑢 ′3 + 𝑋 𝑣𝑣 𝑣 ′2 + 𝑋 𝑟𝑟 𝑟 ′2 + 𝑋 𝑣𝑣𝑢 𝑣 ′2 Δ𝑢 ′ +𝑋 𝑟𝑟𝑢 𝑟 2 Δ𝑢 ′ + 𝑋 𝛿𝛿𝑢 𝛿 2 Δ𝑢 ′ + 𝑋 𝑣𝑟 𝑣 ′ 𝑟 ′ + 𝑋 𝑣𝛿 𝑣 ′ 𝛿 + 𝑋 𝑟𝛿 𝑟 ′ 𝛿 + 𝑋 𝑣𝑟𝑢 𝑣 ′ 𝑟 ′ Δ𝑢 ′ +𝑋 𝑣𝛿𝑢 𝑣 ′ 𝛿Δ𝑢 ′ + 𝑋 𝑟𝛿𝑢 𝑟 ′ 𝛿Δ𝑢 ′ + 𝑋 𝛿𝛿 𝛿𝛿 𝑌 ′ = 𝑌 𝑢 Δ𝑢 ′ + 𝑌 𝑢𝑢 Δ𝑢 ′2 + 𝑌 𝑢𝑢𝑢 Δ𝑢 ′3 + 𝑌 𝑣̇𝑣 ̇′ + 𝑌 𝑟̇𝑟 ̇′ + 𝑌 𝑣 𝑣 ′ + 𝑌 𝑣𝑣𝑣 𝑣 ′3 + 𝑌 𝑟 𝑟 ′ + 𝑌 𝑟𝑟𝑟 𝑟 ′3 +𝑌 𝑣𝑟𝑟 𝑣 ′ 𝑟 ′2 + 𝑌 𝑣𝛿𝛿 𝑣 ′ 𝛿𝛿 + 𝑌 𝑣𝑢 𝑣 ′ Δ𝑢 ′ + 𝑌 𝑣𝑢𝑢 𝑣 ′ Δ𝑢 ′2 + 𝑌 𝑟𝛿𝛿 𝑟 ′ 𝛿 2 + 𝑌 𝑟𝑣𝑣 𝑟𝑣 ′2 + 𝑌 𝑟𝑢 𝑟 ′ Δ𝑢 ′ +𝑌 𝑟𝑢𝑢 𝑟 ′ Δ𝑢 ′2 + 𝑌 𝛿 𝛿 + 𝑌 𝛿 𝛿 3 + 𝑌 𝛿𝑣𝑣 𝛿𝑣 ′2 + 𝑌 𝛿𝑟𝑟 𝛿𝑟 ′2 + 𝑌 𝛿𝑢 𝛿Δ𝑢 ′ + 𝑌 𝛿𝑢𝑢 𝛿Δ𝑢 ′2 +𝑌 𝛿𝛿𝛿𝑢 𝛿 3 Δ𝑢 ′ + 𝑌 𝑣𝑟𝛿 𝑣 ′ 𝑟 ′ 𝛿 𝑁 ′ = 𝑁 𝑢 Δ𝑢 ′ + 𝑁 𝑢𝑢 Δ𝑢 ′2 + 𝑁 𝑢𝑢𝑢 Δ𝑢 ′3 + 𝑁 𝑣̇𝑣 ̇′ + 𝑁 𝑟̇𝑟 ̇′ + 𝑁 𝑣 𝑣 ′ + 𝑁 𝑣𝑣𝑣 𝑣 ′3 + 𝑁 𝑣𝑟𝑟 𝑣 ′ 𝑟 ′2 +𝑁 𝑟 𝑟 ′ + 𝑁 𝑟𝑟𝑟 𝑟 ′3 + 𝑁 𝑣𝛿𝛿 𝑣 ′ 𝛿𝛿 + 𝑁 𝑣𝑢 𝑣 ′ Δ𝑢 ′ + 𝑁 𝑣𝑢𝑢 𝑣 ′ Δ𝑢 ′2 + 𝑁 𝑟𝛿𝛿 𝑟 ′ 𝛿 2 + 𝑁 𝑟𝑣𝑣 𝑟𝑣 ′2 +𝑁 𝑟𝑢 𝑟 ′ Δ𝑢 ′ + 𝑁 𝑟𝑢𝑢 𝑟 ′ Δ𝑢 ′2 + 𝑁 𝛿 𝛿 + 𝑁 𝛿 𝛿 3 + 𝑁 𝛿𝑣𝑣 𝛿𝑣 ′2 + 𝑁 𝛿𝑟𝑟 𝛿𝑟 ′2 + 𝑁 𝛿𝑢 𝛿Δ𝑢 ′ +𝑁 𝛿𝑢𝑢 𝛿Δ𝑢 ′2 + 𝑁 𝛿𝛿𝛿𝑢 𝛿 3 Δ𝑢 ′ + 𝑁 𝑣𝑟𝛿 𝑣 ′ 𝑟 ′ 𝛿 (6.2) Where hydrodynamic derivatives of the first order for 𝑋 ′ , 𝑌 ′ and 𝑍 ′ are decomposed into acceleration derivatives and velocity derivatives (depicted by 𝑋 𝑢̇, 𝑌 𝑣̇, 𝑌 𝑟̇, 𝑁 𝑟̇, 𝑁 𝑣̇ and 𝑋 𝑢 , 𝑌 𝑣 , 𝑁 𝑣 , 𝑌 𝑟 , 𝑁 𝑟 respectively). 𝑋 𝑢𝑢 , 𝑋 𝑣𝑣 , 𝑋 𝑟𝑟 are uncoupled hydrodynamic coefficients and 𝑋 𝑣𝑟 is hydrodynamic derivatives of cross-coupling for the second-order derivatives. 𝑋 𝑢𝑢𝑢 , 𝑌 𝑣𝑣𝑣 , 𝑌 𝑟𝑟𝑟 , 𝑁 𝑣𝑣𝑣 , 𝑁 𝑟𝑟𝑟 are uncoupled coefficients, and 𝑌 𝑣𝑟𝑟 , 𝑌 𝑟𝑣𝑣 , 𝑁 𝑣𝑟𝑟 , 𝑁 𝑟𝑣𝑣

  𝑚 + 𝑚 𝑥 )𝑢̇-(𝑚 + 𝑚 𝑦 )𝑣 𝑚 𝑟 -𝑥 𝐺 𝑚𝑟 2 = 𝑋 (𝑚 + 𝑚 𝑦 )𝑣̇𝑚 + (𝑚 + 𝑚 𝑥 )𝑢𝑟 + 𝑥 𝐺 𝑚𝑟̇= 𝑌 (𝐼 𝑧𝐺 + 𝑥 𝐺 2 𝑚 + 𝐽 𝑧 )𝑟̇+ 𝑥 𝐺 𝑚(𝑣ṁ + 𝑢𝑟) = 𝑁 𝑚

	𝐽 P =	𝑉 𝑝𝑥 (1 -𝜉 P ) 𝑛 P 𝐷 P
		}	(6.6)
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and solution precision. Therefore, the medium grid setting is chosen to be applied to the following simulations. The mesh scene of the computational domain (α=120°, h/T=1.2, 𝑉 𝑠 =0.6173m/s, W=2.36m, and β=0°) is showed in Fig 3 . 13.

Coarse grid

Cross section A 69 Medium grid

Cross section B Fine grid

The validation test was conducted with the same ship model in a rectangular channel, and the computational domain is illustrated in Fig 3. 19. In this study, the scaled model is simulated fixed in a confined channel which is the same as that in the experiment, due to the fact that there will be a large number of meshes generated and the geometry of the ship model and the fluid domain are strictly symmetric as well, only half the ship model is simulated in STARCCM+ for the sake of economizing time using the symmetry boundary condition. The channel configuration and ship model are all 1/25 times as large as the original size. The fluid domain extends up to 4×Lpp, where there is 1×Lpp ahead of the ship, and 2×Lpp behind the ship according to the ITTC recommendation guidelines. The channel bottom is 1.44m in half width, connected by a slope with an angle of 27 degrees. The settings are in agreement with the towing tank in Liege university where the experiments were conducted (see Fig 3. 20). The length of the towing tank is 100m, width is 6m and depth is 3.5m. The height of the simulated fluid domain is 5 times ship moulded depth. The h/T ratio is 1.8, and UKC (under keel clearance) is 0.08m. Inlet is assumed as velocity inlet; Outlet is pressure outlet; the plane Symmetry and Exit are set symmetry plane; Top is no-slip wall; Channel bottom is considered moving wall that is applied the same velocity as the ship. Chapter 4

Effect of navigational environment on ship hydrodynamics

This section concerns about the bending effect on ship hydrodynamics under variation of the environment of navigation (channel geometry). The maneuverability of inland ships is crucial according to the introduction of previous sections, including the ability of inland navigation on lakes, rivers, and artificial waterways, which have size restrictions due to the width and depth of the channel. So the effect of some key parameters, such as channel angle (𝛼), channel bottom width (W) and channel slope angle (γ) are researched. These parameters are important factors in determining the conditions of the waterways and are not related to the ship itself. The sensitivity analysis of these parameters are conducted so that the influence exerted by them can be integrated into the ship simulator. 

The integration of the channel bending effect in ship simulator

Ship simulator is a kind of device which can partially imitate the real situation and is specially designed to meet some specific purposes, so that the trainees can practice and show their abilities through the operation of the equipment in a controllable safe environment. As of today, ship simulators have become the most suitable equipment for the study of ship motion, dynamics, control strategies and algorithms under laboratory conditions, which even play a pivotal role in ensuring the safety of inland waterway transport. Normally, they can be used for data collection for ship behavior studies; evaluation of changes in the navigational environment; research into ship traffic accidents (mainly collisions); study of ship berthing and unberthing maneuvers; ship maneuverability studies; maritime analysis; port channel design development and pilotage trials, etc [START_REF] Ameen | Ship voyage energy efficiency assessment using ship simulators[END_REF][START_REF] Damitha Sandaruwan | A six degrees of freedom ship simulation system for maritime education[END_REF][START_REF] Murai | A few comments on visual systems of a ship handling simulator for sea pilot training: Training for entering a port[END_REF].

The study of ship simulators dates back to the 1960s. As early as 1967, the Swedish SSPA, who was one of the first institutions to study ship simulators, successfully developed a ship simulator using computer virtual reality technology. The SSPA is now working on a new multifunctional ship simulator, based on its extensive research in mathematical modelling of ship movements [START_REF] Shenhua | Design and Implement on Intelligent Ship Handling Simulator[END_REF][START_REF] Okazaki | Development of ship simulator system for designing auto-pilot[END_REF]. The national ship model laboratory Wageningen in Netherland designed and developed the world's first fully functional large ship simulator for operational training in 1970, based on which most ship simulators in the world are designed [START_REF] Hontvedt | On the bridge to learn: Analysing the social organization of nautical instruction in a ship simulator[END_REF][START_REF] -J. Hu | A 6-DOF Deep-ocean mining ship motion simulator[END_REF].

After decades of development, the ship simulator has gone through a process from single-degree-of-freedom motion simulation to six-degree-of-freedom motion simulation.

Where, 𝑋, 𝑌 and 𝑁 𝑚 can be expressed:

The subscripts H, R and P refer to ship hull, rudder and propeller respectively.

• Hydrodynamic forces applied on ship hull can be expressed [229,[START_REF] Zhang | A study on prediction of ship maneuvering in regular waves[END_REF]:

)

Where

′ are all hydrodynamic derivatives on maneuvering. In this thesis, rudder and propeller are not considered, so the expressions for rudder and propeller are ignored here.

• Hydrodynamic force 𝑋 P by propeller can be calculated as:

Where 𝐶 P is thrust deduction factor, 𝑇 is propeller thrust, which can be expressed as follows: Where, 𝑋 BZ , 𝑌 BZ and 𝑁 BZ are respectively the correction terms of the surge force, sway force and yaw moment. In the next section. Basing on the results given in the previous section, the corrections terms are a function of several parameters.

Fitting surfaces of the results for bending effect

In this part, the results of forces and moments presented in the previous sections will be fitted and mathematical formulation will be poposed by varying serveral parameters. The general idea of this investigation is to analyze the trend of the response surfaces of several parameters in order to propose a simplified mathematical formulas to represent the effect of the curves on the behavior of ships. After integrating these formulas into the existing inland navigational simulator developed by CEREMA (See Fig 6 . 3), realistic trajectories can be predicted for a ship maneuvering in curved fairways. Prediction of hydrodynamics in bending zones will enable simulators to be used to determine optimum waterway conditions (for example, channel widths…) or to determine if ships can securely navigate within planned or existing channel geometries. Furthermore, secure operating ship speeds can be determined for particular operating conditions.

Similarly, some researchers have ever attempted incorporating the bank effect (ship-bank interaction) into navigational simulators [START_REF] Evert | Experiment based mathematical modelling of ship-bank interaction[END_REF][START_REF] Duffy | Modelling of Ship-Bank Interaction and Ship Squat for Ship-Handling Simulation[END_REF].