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Abstract. Fast marine vehicles have become more important than ever before due to increasing need and population. In maritime sector, special ship types such as catamaran and trimaran have already been designed and/or built to the civil and naval areas of use. The hydrodynamic performance of these vessels is an interesting problem for naval architects due to the wave interference between the hulls. From this point of view, a generic high-speed catamaran hull form (Delft catamaran 372 or DC372) has been chosen for the numerical prediction of manoeuvring coefficients. To achieve this, the pure yaw captive manoeuvre simulations of the DC372 have been performed in deep water conditions at several oscillating frequencies by using CFD method. The unsteady RANS equations have been solved under incompressible, viscous and fully turbulent flow conditions. The uncertainty in the computations has been determined using proper techniques. Manoeuvring coefficients have been calculated by processing time dependent force/moment signals obtained numerically with the help of Fourier analysis. Due to the accurate grid structure used here, numerical ventilation has been prevented and wave deformations have been captured well.
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Introduction
Ships have been designed in different ways for specific purposes in the past of shipbuilding industry. Although mono-hulls are mostly preferred in maritime industry, the designs of multi-hull ships have also been widely grown in recent years. The popularity of multi-hull vessels has increased in a parallel line with the need of fast and high-capacity vessels to meet the demand of overseas passenger and commercial product transportation. Wave interference effects that is an interesting natural phenomenon occurring between demi-hulls, have then become the subject for researchers in this field.
A well-known type of multihull vessels is a catamaran ship that generally works by positioning two identical hulls at a certain opening. The interference between the free surface waves generated by each hull causes the hydrodynamic performance of the ship to be affected positively or negatively. In 1998, Van’t Veer performed an experimental study to evaluate the resistance and seakeeping characteristics of the Delft372 catamaran (DC372) ship which was designed at Delft University of Technology (TU Delft) [1]. Sahoo et al. (2006) presented a study on the calm-water wave-resistance characteristics of a slender catamaran of chine-hull-form with transom stern [2]. They implemented computational fluid dynamics (CFD) and thin-ship theory together and validated their results with experimental data. A conventional catamaran with longitudinally staggered demi-hulls was used for their analysis. It was stated that a significant reduction in resistance could be achieved by searching the optimum position of stagger.
On the other hand, Milanov et al. (2012) presented a study based on system-based manoeuvring simulation of DC372 hull [3]. Planar motion mechanism (PMM) tests were conducted to obtain the manoeuvring coefficients and to achieve fast-time manoeuvring simulations (FTMS). They also performed free running model experiments with DC372 hull at several water depths and Froude numbers to compare the results. It was concluded that DC372 has a high turning ability in the whole range of depth ratios and advancing speeds. The directional stability, on the other hand, was found to be inefficient in a very shallow water. Dogan (2013) studied the flow field around DC372 hull form in terms of turbulent structures and vortices by implementing DES solver CFDShip-Iowa V4.5 in collaboration with NATO AVT 183 [4]. A series of numerical simulations were performed with unsteady Reynolds-averaged Navier-Stokes (URANS) and Detached Eddy Simulation (DES) in static drift conditions. It was noted that the forces were predicted well, while there were large errors in moment and motions. Broglia et al. (2014) presented an experimental study on the wave interference phenomena between demi-hulls of the DC372 form [5]. The demihull clearance was parametrically changed and resistance tests were repeated in a range of advancing speeds. The maximum value of the total resistance was observed at the smallest demihull clearance. Duman (2016) performed static drift CFD simulations of a monohull naval surface combatant, e.g., static rudder, pure drift, and rudder drift, to calculate the manoeuvring coefficients [6]. Fast-time simulations of definite manoeuvres, e.g., turning circle and zigzag were carried out and the results were given in Duman & Bal (2017) [7].
Modelling of dynamic manoeuvres with the CFD method has become very popular since it is cost-effective, quick-responding and reliable. The solution of RANS equations is considered as a high-fidelity method due to including the viscous effects. Duman et al. (2018) implemented the CFD method to simulate the pure sway motions of a surface combatant by the superposition of forward motion and oscillation in the lateral direction [8]. Sukas et al. (2019) investigated the performance of definite manoeuvres of a surface combatant hull by using the system-based method [9]. A high-fidelity CFD-based empirical manoeuvring system method (HF-MANSYS) was presented by Duman and Bal (2019) that predicts the turning circle performance parameters in a quick way [10]. Pure sway dynamic manoeuvres of the DC372 hull were simulated in the study of Duman and Bal (2019) by implementing the overset grid technique [11]. They carried out a series of hydrodynamic analyses regarding computerized PMM approach. The latest solution verification techniques were applied to calculate the uncertainties in the computations. It was found that URANS based CFD method with overset grid implementation is well capable of predicting the forces and moment in a dynamic manoeuvre. It was concluded that the impact of the leeward-sided hull is more dominant than the windward-sided hull in terms of linear sway terms.
The main purpose of this study is to simulate the pure yaw dynamic manoeuvre with CFD and to determine the turning rate-related manoeuvring coefficients (or yaw terms) of the DC372 hull. A commercial RANS solver software Star-CCM+ has been used to realize the CFD simulations [12]. The numerical uncertainty in the computations was evaluated by applying the latest Richardson extrapolation (RE) based solution verification techniques. The low order multiple-run (MRL) method is adopted in which several oscillating frequencies are used instead of a single case. The pure yaw dynamic manoeuvre is modelled by superposing of the forward motion and the rotational motion from the gravity centre of the hull. Fourier analysis (FA) is applied for the hydrodynamic analysis to obtain the manoeuvring coefficients in accordance with the differential manoeuvring theory.
Modelling of pure yaw motion
A benchmark DC372 hull form, which consists of two identical demi-hulls, has been chosen for this study. The original hull form was designed at TU Delft and used in many experimental and numerical studies. The form floats on 0.15m draught and has a 3m length between perpendiculars. The distance between the centre lines of the demihulls is 0.70m and each demihull has a 0.24m moulded beam. Other main particulars are given in Table 1. 3-dimensional surfaces of the hull form were drawn using a computer-aided design software according to the plan of original lines given in [1] (Figure 1).

Table 1. Principal particulars of the DC372 hull form.
	Length overall, LOA
	3.11
	m

	Length between perpendicular, LBP
	3.00
	m

	Beam overall, B
	0.94
	m

	Beam demihull, b
	0.24
	m

	Distance between centre of hulls, s
	0.70
	m

	Draught, T
	0.15
	m

	Depth, D
	0.333
	m

	Displacement, Δ
	87.07
	kg

	Draught at Aft Peak, TAP
	0.15
	m

	Draught at Fore Peak, TFP
	0.15
	m

	Vertical Centre of Gravity, KG
	0.34
	m

	Longitudinal Center of Gravity, LCG
	1.41
	m

	Wetted surface area overall, AWS
	1.945
	m2

	Waterplane area overall, AWP
	1.098
	m2

	CB
	0.403
	-
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Figure 1. Lines plan of the DC372 hull form.


 Governing equations
The pure yaw dynamic manoeuvres have been performed under free surface effects by implementing volume of fluid (VoF) method to treat the interface between water and air [13]. The free water surface is assumed to be undisturbed before starting the simulations. The computational domain is governed by the continuity (Equation 1) and Navier-Stokes (N-S) momentum equations given below. Reynolds averaging procedure is applied to convert N-S equations into a numerically solvable state which is called RANS (Reynolds-averaged N-S) equations (Equation 2). As the last step, Reynolds stresses (Equation 3) appeared in the RANS equations are calculated using a two-equation turbulence model to get a numerical solution. The segregated solution method is chosen to solve the algebraic equations for different velocity components (u, v, and w for the 3-D case) sequentially with a guessed pressure field or determined from a given velocity field [14]. The numerical procedure continues with the pressure-correction approach and the solution of the turbulence equations [15]. Reynolds stresses are solved by implementing realizable k-epsilon turbulence model with the near-wall treatment. The dimensionless wall distance (y+) is set to be between 30 and 300 to ensure that the wall-function is used around the no-slip surfaces. Time step is determined according to the ITTC’s (International Towing Tank Conference) recommendations for CFD simulations [16].

	(1)

	(2)

	(3)

Implementation of the overset grid technique
The Chimera or overset grid approach has been adopted for the pure yaw CFD simulations. In this approach, the computational domain is constructed from two overlapping regions. One of them covers the whole field and the other is the overset region that moves simultaneously with the vessel. The cells in the overset region have not any deformation during the simulation, which enables the examination of large amplitude motions. Triangular-shape grid has been created about the free water surface (Figure 2). The grid cells are classified into several types, such as active, passive, donor etc. The flow data (information) is transferred between the overset region boundaries and the background region cells through those cells [17]. The grid cells located in both regions are called active cells where the governing equations are solved (indicated with the blue-background and the white-overset colours as shown in Figure 3). The first layer of passive cells next to active cells are called acceptors (shown with red colour in Figure 3) and the green-coloured cells stand for the donors. The legend is given to distinguish these types of cells by the assigned values where the active cells have “zero”, acceptors have “two”, and donor cells have “one” accordingly. The grid cells captured in Figure 3 belong to the state at the end of the third period of the yaw motion, designated as “configuration 3” (see Table 2). Computational domain dimensions and the boundary conditions can be found in the previous study of Duman and Bal (2019) [11].
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Figure 2. Kelvin wave adopted grid on the free surface.
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Figure 3. Cell types in the background and overset regions and on the intersection.

Pure yaw motion equations
Pure yaw CFD simulations have been performed for three configurations (see Table 2). The carriage advance speed of the virtual PMM is fixed at 0.45 Froude number for the simulations. The differential manoeuvring theory proposes 3rd-order Taylor series of expansion to represent the hydrodynamic forces and moment acting on the hull [18]. By using of PMM, this complex model is reduced to a simplified state that enables to calculate the manoeuvring coefficients in a more focused way [19]. In a pure yaw motion, 3-DoF (degree-of-freedom) manoeuvring mathematical model can be given as in Equations 4-6:

	(4)

	(5)

	(6)
When FA is applied to the harmonic CFD results, the 3-DoF manoeuvring equations then can be represented in harmonic forms as in Equations 7-9:

	(7)

	(8)

	(9)
The coefficients in the harmonic equations; X0, XSn, XCn, Y0, YSn, YCn, N0, NSn, NCn represent the harmonics that are obtained by FA for n being equal to 1, 2, or 3. Detailed information about the post-processing of the PMM results can be found in [17] and [18].
Results and discussion
Uncertainty assessment and validation
A detailed verification study for the CFD analyses was conducted in a previous study [11]. Since the present study is somehow the continuation of this previous work [11] and the same grid structure has been used, the results given in [11] can be considered for the verification and validation of the computational method. Three different verification techniques; namely Grid Convergence Index (GCI), Correction Factor (CF) and Factors of Safety (FS), were implemented to determine the uncertainties in the computations. Accordingly, the total numerical uncertainty was reported as 7.01% in which spatial and temporal uncertainties were involved. It was also stated that the spatial and the temporal convergences were monotonic. Further information about verification procedure are given in [20]–[24]. The validation of the computational method was achieved in a previous study by comparing total resistance, dynamic sinkage and trim amplitudes and sway terms with the available data given in [11]. The relative errors of the total resistance ​​between the computational and experimental data were calculated as 1.67% as minimum and 5.44% as maximum. The dynamic motion amplitudes were also predicted at a satisfactory level. 
Calculation of manoeuvring coefficients with Fourier analysis
It is known that the forces and moments acting on the catamaran hull during dynamic manoeuvre simulations are time-dependent. Therefore, all scalar outputs have been calculated in the time domain. FA has later been applied to the numerical results to calculate the manoeuvring coefficients. In FA, a signal f(t) can be represented by the sum of cosine and sine signals (Equation 10). The mean value of the signal is equal to a0 and it can be calculated by taking the time averaging of signal (Equation 11). Cosine and sine constants (an and bn), on the other hand, are called harmonics of the signal f(t) (Equations 12 and 13) with a degree of n, e.g., in order to find the 1st harmonics of a signal, n must be taken as 1 etc. In this study, low-order multiple-run method (MRL) has been adopted in the calculation of pure yaw terms.

                                                          (10)

                                                                                                 (11)

                                                                                  (12)

                                                                                 (13)

Analyses were carried out at three different yaw angles according to the multiple-run method. Pure yaw simulation results are plotted in Figure 4 in the time-domain for each configuration (Table 2). The approximate solution time for each configuration is about 3 periods of the pure yaw manoeuvre which corresponds to 32.75 seconds. Since the parts of the analysis results belonging to the first period include the convergence phase of the numerical solution, they were not included in the calculations and so the results between 1-3 were taken into consideration (see Figure 4).

Table 2. Pure yaw configurations.
	Config.
	Uc [m/s]
	ω [rad/s]
	Ymax [m]
	Ψmax [deg]

	1
	2.4412
	0.5756
	0.12
	1.6201

	2
	2.4412
	0.5756
	0.24
	3.2403

	3
	2.4412
	0.5756
	0.36
	4.8604



Here, “Uc” is the carriage speed in the computerized pure yaw motion, “ω” is the angular frequency, “Ymax” is the maximum translation from the original course, and “Ψmax” is the maximum heading angle during the yaw motion.
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Figure 4. Sway forces (left) and yaw moments (right) in pure yaw motion.

Yaw terms calculated by the MRL method are given in Table 3 as compared with a numerical study conducted by Mai et al. (2012) [25] and experimental results obtained by Milanov et al. (2012) [3]. The main reason why the results are different from each other may be the water jet driven. Although Mai and Milanov have both performed PMM analyses with the waterjet propulsion system, it can be noted that the differences between these results are quite large. Mai also performed hydrodynamic analyses at very low speeds. The application of digital waterjet model and experimental waterjet propulsion system in both studies (Mai and Milanov) may be the reason of these differences. Note that the dynamic manoeuvring analyses performed with no propulsion system for DC372 hull are rare in the literature. The coefficients obtained from the computerized yaw manoeuvre can be listed as linear (Yr, Nr) and nonlinear (Yrrr, Nrrr) yaw angular velocity terms, and yaw angular acceleration terms (, ).

 

Table 3. Pure yaw manoeuvring coefficients.
	Coef.
	MRL
	Milanov et al. (2012)
	Mai et al. (2020)

	Yr
	8.72E-02
	3.22E-02
	-

	Yrrr
	2.01E+00
	5.14E-02
	-

	Nr
	1.45E-02
	8.10E-04
	-4.05E-02

	Nrrr
	-7.82E-01
	4.00E-05
	-

	
	1.28E-01
	1.33E-03
	6.07E-04

	
	-3.86E-02
	-9.40E-04
	-2.96E-02



Free surface waves
In Figure 5 and Figure 6, wave profiles on the outer and inner surfaces of the demi-hulls are given at the end of the third period of pure yaw motion, respectively. The x-axes in Figure 5 and Figure 6 represent the dimensional longitudinal position starting from the transom stern to the bow. Here, configuration 3 represents the yaw motion with the highest heading angle. The abbreviations “ww” and “lw” stand for “windward” and “leeward”, respectively, while “PS” indicates the demi-hull, i.e., “ww-PS” means the windward side of the demi-hull located in the portside of the catamaran (see Figure 7). It should be noted that, by the “windward” or “leeward” side, it is meant to express the front or interior parts against the original straight-line in the pure yaw motion of the ship model.

[image: ]
Figure 5. Wave profiles on the outer faces of demi-hulls at the end of the third pure yaw motion period.
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Figure 6. Wave profiles on the inner faces of demihulls at the end of the third pure yaw motion period.

It was observed that at the maximum deflection angle of approximately 4.86 degrees, the wave profiles on the inner and outer surfaces of the half-hulls were almost the same, but only have some phase difference. The free surface wave deformation formed at the end of the 3rd period is also shown in Figure 7. When the phase distribution is examined, it is understood that no numerical ventilation problem occurs in the simulation of pure yaw dynamic manoeuvre (see Figure 8).
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Figure 7. Wave profiles on the inner faces of demi-hulls at the end of the third pure yaw motion period.
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Figure 8. Wave profiles on the inner faces of demihulls at the end of the third pure yaw motion period.

Conclusions
This study is a continuation of the previous work carried out to calculate the pure sway manoeuvre coefficients of Delft catamaran form [11]. The validation of the numerical method was achieved by comparison of the results with experiments, and the uncertainty assessment was realized using up-to-date verification techniques. Pure yaw dynamic manoeuvring motions of DC372 hull form have been simulated using a URANS equation solver program and implementing the overset grid technique. There is no numerical ventilation occurred due to the proper grid structure and the wave deformations are captured well. It was observed that at the maximum deflection angle of approximately 4.86 degrees, the wave profiles on the inner and outer surfaces of the half-hulls were almost the same, but only there are some phase difference. Linear yaw velocity terms Yr, Nr and acceleration term  are found to be in compatible with those of given in the literature, while there are differences between nonlinear yaw velocity terms and acceleration term Y coefficients. It is believed that the results of the pure yaw dynamic manoeuvre obtained by the URANS method will contribute to the existing gap in the literature. Note also that CFD with low grid qualities can solve the flow around a catamaran hull form and find compatible results with experiments at a satisfactory level.
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