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Abstract

:

In this paper, a new numerical model is proposed by combining the overset mesh technique and dynamic mesh method in order to simulate the straight navigation and steady turning motion of a submarine model. The RNG k-ε turbulence model is applied to close the three-dimensional Reynolds-averaged Navier–Stokes equations. The comparison between the numerical results and experimental data for the straight navigation experiment shows that the values of the total resistance and surface pressure coefficients of the proposed numerical model under different forward speeds are highly consistent with the experimental data of the David Taylor Research Center (DTRC). The proposed model is applied to simulate the forces and pressure coefficient of the SUBOFF submarine model at different velocities and rotation rates. The wake waves of the submarine under the conditions of the same rotation rate but with different velocities at the buoyancy center are presented. The results show that the pressure coefficient between the port side and starboard side differs according to the turning motions. The influences of the velocity and rotation rate on the forces and pressure coefficient are discussed. It will be demonstrated that the new numerical model maintains a high mesh quality by avoiding mesh deformation, and this leads to the higher numerical accuracy of the steady turning motions.
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1. Introduction


A submarine undergoes complex motions during its underwater operation, such as navigation, turning motions, diving and floating [1]. It is essential to generate high-quality mesh for the numerical simulation of submarine motions. Sliding mesh, overset mesh, and rigid moving mesh are the three most important mesh generation methods for moving object simulations. It is feasible to combine several mesh generation methods in one numerical model if necessary [2].



Sliding mesh and overset mesh, which benefit from exchanging interpolation results via the interface and overlapped grid boundary, respectively, can reduce the possibility of mesh deformation and reconstruction [3]. Deng et al. [4] used the sliding mesh method to simulate the rotating arm test of a submarine. An interior region rotating synchronously with the submarine was applied in the numerical model. This method avoids mesh deformation during the transient simulation, but the exchange of data on the interface between the interior region and exterior region leads to uncertainties in the results.



The overset mesh method has already been applied in naval engineering [5,6], numerical wave tank experiments [7] and the numerical analysis of near-field waves [8] in order to solve hydrodynamic problems. Zaghi et al. [9] applied the overset mesh method to predict the flow field around a fully appended submarine, with various deflection angles of the horizontal aft rudder. Cao et al. [10] used the overset mesh to investigate the hydrodynamic performance of the steady turning motion of a fully appended submarine in a rotating coordinate system. The Coriolis force and centrifugal force resulting from the rotation of the coordinate system were applied to the source of the momentum terms. Zhang et al. [11] also employed the overset mesh method to simulate the rotating arm test of a submarine. This numerical model consisted of a background region and an overset region. The overset region rotated together with the submarine in the stationary background region. This method closely resembles the actual motion of the submarine, but it is CPU-consuming, especially with a large amount of mesh.



The rigid moving mesh method is widely implemented to simulate the motion of a single object because it does not require the regeneration of the mesh and can easily maintain the initial quality of the mesh. It was applied in the numerical simulation of aircraft dynamic derivatives [12]. The displacement and velocity of the boundary in the far field are significant because of the movement of the computational domain. It is difficult to keep the boundary condition stable. The commercial software FLUENT defines the cell zone motion by compiling UDFs, which refers to DEFINE_ZONE_MOTION in the moving mesh simulation and specifies the motion of the rigid body as DEFINE_CG_MOTION. Wu, et al. [13] utilized UDFs in FLUENT and proposed a model of combining the sliding mesh method and dynamic mesh method to control the turning motion of an underwater vehicle and investigate the thrust characteristics. The computational domain of the underwater vehicle was subjected to turning motions by dynamically re-meshing and layering mesh. However, with the time marching of simulation, the reconstruction of the unstructured mesh led to a poor mesh quality.



In addition to the dynamic mesh method, the generation of body-fitted mesh can also influence the simulation results. The Submarine Hydrodynamics Working Group (SHWG) used several types of mesh topologies to investigate the capability of the RANS viscous flow solver by predicting the flow field around the DARPA SUBOFF hull for a steady turning motion [14]. Lyu et al. [15] and Cao et al. [16] used structured mesh to investigate the hydrodynamic performance of the flow field around the submarine. The amount of the structured mesh must be large for a complicated model to achieve a high mesh quality, which consumes great computing resources. Pan, et al. [17] numerically carried out the rotating arm test by using unstructured mesh around the submarine for easy re-meshing. The unstructured mesh was filled in the region of the rotational trajectory around the submarine. The flexible deformation and reconstruction of unstructured mesh can meet the requirements of complicated models, but it is hard to maintain the mesh quality.



It is hard to maintain a high mesh quality in the whole process of simulation, especially for the turning motion. The new numerical model proposed in this study combines an overset mesh technique and dynamic layering mesh method to simulate the straight navigation and steady turning motion of a submarine model (the combination is referred to as “the dynamic mesh method” below). The dynamic mesh method solves the problem arising from poor mesh quality, uncertainties of exchanging data on the interface and the instability of the boundary conditions. This approach avoids mesh deformation, because the computational domain is subjected to motion together with the submarine by the dynamic layering mesh method. Hence, it is possible to maintain the initial mesh quality around the submarine during the whole process of the motion. The overset mesh method implements overlapping boundaries to exchange data instead of the interface. The boundaries of the inlet and outlet are stationary in the global coordinate due to the layer-by-layer renewal of the structured mesh. Therefore, the boundary condition is more stable in this way than with the rigid moving mesh method. FLUENT software is applied to predict the hydrodynamic performance of the bare hull of the DARPA SUBOFF DTRC Model 5470 [18]. The RNG k-ε turbulence the model is utilized to close RANS equations. The transient solvers and pressure–velocity coupling scheme are employed to solve the algebraic equations. The volume of the fluid (VOF) model is implemented to track the air–water interface and realize the observation of the wake waves. The following paper is divided into four parts in. In the first part describes the convergence study and validation of the numerical results with the experimental data. In the second part, the analysis of wake waves of the submarine under the same rotation rate but different velocities at the buoyancy center is presented. The influences of the velocity and rotation rate on the forces and pressure coefficients are discussed in the third part. In the last part, the conclusions are drawn based on the study.




2. Numerical Model


2.1. Governing Equations


Based on Reynolds-averaged Navier–Stokes (RANS) equations, the 3D continuous equations and momentum equations can be written as Equations (1) and (2), respectively. RANS equations are discretized by the finite volume method and solved by segregating pressure-based algorithms. The values are stored in the cell centers:


    ∂    u i   ¯    ∂  x i    = 0  



(1)






    ∂    u i   ¯    ∂ t   +   ∑ j      u j   ¯      ∂    u i   ¯    ∂  x j    = −  1 ρ    ∂ P   ∂  x i    +  F i  + ν   ∑ j      ∂ 2     u i   ¯    ∂  x i    2      −   ∑ j     ∂    u i    ′   u j    ′   ¯    ∂  x j       



(2)




where    u i   ,    u i ′   ,    F i   , P,  ρ  and  ν  here represent the time-average velocity, fluctuation velocity, mass force, pressure, fluid density and kinematic viscosity, respectively.




2.2. Turbulence Model


The RNG k-ε turbulence model is utilized to close the RANS equations. The RNG k-ε turbulence model is widely applied in numerical simulations. It considers the rotary condition by modifying the turbulent dynamic coefficient, which is more accurate when predicting the model’s influence on the bent streamline. The turbulent kinetic energy, in Equation (3), and dissipation rate, in Equation (4), are written as follows:


    ∂ ρ k   ∂ t   +   ∂ ρ  u i  k   ∂  x i    =  ∂  ∂  x i     [   (  μ +    μ t     P  r k      )    ∂ k   ∂  x i     ]  +  P k  +  G b  − ρ ε −  Y M   



(3)
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(4)




where  k ,  ε ,  μ  and    μ t    represent the turbulent kinetic energy, turbulent dissipation rate, diffusion dynamic viscosity coefficient, and turbulent viscosity coefficient, respectively.    P k    and    G b    represent the turbulent kinetic energy caused by the average velocity gradient and buoyancy.    P  r k     and    P  r ε     represent the efficient Prandtl number of the turbulent kinetic energy and dissipation rate. The values of constants    C  1 ε     and    C  2 ε     are 1.42 and 1.68, respectively.





3. Model Verification


The hydrodynamic problems of a SUBOFF submarine when navigating and turning are explored to validate the proposed numerical model. Firstly, the computational domain and mesh topologies are introduced. Secondly, the parameters of the dynamic mesh method and boundary conditions are specified. Thirdly, the convergence analysis is conducted to explore the effects of the mesh size and time step on the numerical results. Finally, the validation in terms of the total resistance and pressure coefficient of the submarine hull surface is illustrated by comparison with the experimental data.



3.1. Computational Domain and Grids


The geometry of the bare hull with the length of L = 3 m is used in this research. The maximum hull diameter of the model is 0.348 m. The submerged depth is H = 0.16 L, which is defined as the distance from the center line of the model to the still water surface. The density of the water is  ρ  = 998.2 kg/m3 and the kinematic viscosity is  ν  = 1.00374 × 10−6 m2/s. The computational domain consists of the background mesh region and object overset mesh region to guarantee the mesh quality around the hull body and boundary layer. The background region width is w = 6 L for straight navigation and w = 5 L for a turning motion, and the length of the region in Figure 1a is 10 L. The turning process of the submarine is divided into a maneuvering period, transition period and steady turning period. The submarine in the steady turning period, when it maintains a uniform circular motion with constant turning rate r [19], is considered in this study. During the steady turning period, the model is forced in a turn to port. The non-dimensional rotation rate γ is defined as:


  γ =   r L  U   



(5)




where U = rR is the velocity of the submarine center of buoyancy, and R is the rotational radius of the submarine. The non-dimensional rotation rate is expressed as follows:


  γ =  L R   



(6)







The drift angle is zero during the turning motion in this study; thus, the velocity direction of the submarine is tangential to the trajectory line. The simulation selects part of the steady turning process according to the central symmetry of the computational domain. A C-type domain was designed, as shown in Figure 1b, to test the feasibility of the dynamic mesh method.



The computational domain has a U shape section to ensure a better-fitting mesh topology and reduce the number of mesh cells. The background mesh in Figure 2a,b only consists of structured hexahedral mesh cells, and the overset mesh region consists of hybrid mesh. The overset mesh region is shown in Figure 2c The unstructured mesh is distributed on the interior boundary and transition position. Structured mesh fills the boundary layer of the hull surface and other internal areas between two layers of unstructured mesh. This combination of mesh can guarantee the mesh quality in the boundary layer and body-fitted mesh of the hull surface. At the same time, it can reduce the computing costs and improve the accuracy of the iteration by increasing the proportion of the structured mesh rather than using the unstructured mesh of the entire region.




3.2. Dynamic Mesh Method and Boundary Conditions


Two types of user-defined functions (UDF) are employed in the method used in this study to control the mesh motion. Background mesh moves at the same velocity as the overset mesh region in the case of straight navigation and rotates at the same turning rate for a steady turning motion. All the mesh in the computational region moves together with the submarine throughout the whole process of the simulation. There is no mesh deformation around the submarine; thus, theoretically, this method can reduce the chance of interpolation errors caused by the increasing number of iteration steps [2].



The layering method is applied to control the dynamic mesh renewal of the background region. Figure 3a,c shows the grids of the computational domain at the beginning of the simulation from the top view. Figure 3b,d shows the renewal of the mesh topologies. The boundary of the velocity inlet and pressure outlet is set to be stationary in the global coordinate. Thus, the movement of the background mesh will stretch the first layer of mesh cells at the velocity inlet and reduce the height of the last layer of mesh cells at the pressure outlet so as to maintain the total length of the computational domain. The split factor  α  = 0.4, collapse factor  β  = 0.2 and ideal cell height    h o    are used in the layering method to restrict the mesh renewal. A new layer of cells of height    h o    will be generated when the first layer of the cell height   h   ≥    h o    ( 1 + α )   and the two layers of cells collapse into one layer, when the cell height of the last layer at the outlet is  h  ≤    h o  ·   β  . The mesh increases layer by layer at the inlet with the dynamic mesh motion of the computational domain and decreases at the outlet. Meanwhile, the new layers of mesh with a high mesh quality, which are generated behind the submarine, meet the requirements for the observation of wake waves.




3.3. Convergence Study


In our method, a convergence study is performed on a SUBOFF model with a forward speed of Fr = 0.5 in straight navigation at the target y+ = 30. The model with the length L = 3 m is submerged in water at a depth of 0.16 L. The basic mesh size is defined by the ideal cell height    h o    at the velocity inlet. The cell sizes of the overset mesh and background mesh are also adjusted accordingly. The basic mesh sizes of the ideal cell height are set as 0.042 m, 0.063 m, 0.084 m and 0.126 m, with the time step of 0.01 s. The net increase in cells in the table below refers to the increase in the cell number per second of flow time. Taking the basic size of 0.042 m as an example, there are 1,398,400 cells in the domain at the beginning of the simulation, and the total cell number increases to 3,461,040 cells at the flow time t = 5 s. The net increase in the cell number per second is around 412,528, as shown in Table 1. The value of the cell net increase also fluctuates over the flow time. The error of Rt is defined as the algebraic difference in the total resistance force divided by the force calculated at the minimum basic size. According to the data in Table 1, the error of the total resistance when the basic mesh size equals 0.063 m is much smaller than that for the mesh sizes of 0.084 m and 0.126 m. To balance the numerical accuracy and efficiency, the basic mesh size of 0.063 m is chosen for the further straight navigation study. The time step convergence study is based on the mesh size of 0.063 m. The error of the total resistance with the time step increasing from 0.005 s to 0.01 s is 0.52% for straight navigation, which is less than the error at the time steps of 0.02 s and 0.05 s. Thus, the results of the time step convergence analysis in Table 2 indicate that the time step of 0.01 s is acceptable for further research.



The same SUBOFF model is applied in the convergence study of the steady turning scenario. Table 3 and Table 4 show the results of the mesh convergence analysis and time step convergence analysis for the steady turning motion at a submerged depth of 0.16 L with a velocity of Fr = 0.5 at the center of buoyancy and rotation rate of  γ  = 0.2. According to Table 3, the basic size in the steady turning case is set as 0.042 m, which is smaller than that in the straight navigation case. Because the error of the total resistance at 0.063 m is 1.529%, this demonstrates a lesser accuracy compared to the basic size of 0.042 m. The results of the time step convergence analysis in Table 4 show that the time step of 0.01 s is still appropriate for the steady turning case.




3.4. Validation of the Numerical Results


A towing tank experiment of the SUBOFF model was carried out using a strut model support in the DTRC deep-water towing basin. This strut can provide a broad range of velocity changes in order to satisfy the experimental requirements [20]. The length of the standard SUBOFF model utilized in the experiments is 4.356 m. To validate the numerical results of the straight navigation, we set the width of the computational domain to be the same as that of the experiment basin, which equals 15.54 m. The submerged depth of the model is 2.74 m. The numerical results of the total resistance at six different forward speeds are compared with the experimental results [21] in Figure 4. The measurement of the non-dimensional surface pressure coefficient of the submerged SUBOFF at the speed U = 3.34 m/s was conducted in the wind tunnel experiments at the DTRC. The surface pressure coefficient is defined as Cp = (P  −  P o   )  / 2 ρ  U 2   , where    P o    represents the static pressure. The numerical results of Cp along the upper meridian at the speed U = 3.34 m/s are compared with the experimental results in Figure 5.



Figure 4 indicates that the CFD results of the total resistance fit well with the experimental results when the Froude number is less than 0.78. Accordingly, the further simulations based on this numerical model focus on the condition that Fr < 0.78. The typical forward speeds are selected as Fr = 0.3, 0.5 and 0.7 for the following research so as to represent the velocity change of the submarine. As shown in Figure 5, the pressure coefficients of the CFD results generally agree with the experimental results after 0.2 L. In particular, after 0.4 L, the results of the CFD are highly consistent with the experiments. The numerical validation proves that it is appropriate to use the dynamic mesh method for predicting the hydrodynamic performance of the SUBOFF.





4. Results and Discussion


4.1. Analysis of the Wake Waves


4.1.1. Comparison between the Inflow Method and Dynamic Mesh Method


The feasibility of the inflow method is validated by simulating the flow field of a full-scale SUBOFF navigating in density-stratified fluid [22]. In contrast to the inflow method, which applies a moving fluid to a fixed submarine model, the submarine model of the dynamic mesh method encompasses actual motion in static water. Both the dynamic mesh method and the inflow method are applied to simulate the SUBOFF straight navigation with a forwarding velocity of Fr = 0.5 and submerged depth of H = 0.16 L in this research. The velocity vector field simulated by the dynamic mesh method is compared with that of the inflow method to prove the feasibility of the dynamic mesh method. According to the comparison of the relative velocity on the plane of z = 0 (the origin of the coordinates is set as the center of buoyancy of the SUBOFF) in Figure 6, the results of the dynamic mesh method are highly consistent with those of the inflow method. The dynamic mesh method is proved to be effective for simulating the flow field around the submarine. The wave profile along y = 0 is shown in Figure 7. The two methods strongly agree with each other, with a slight difference in the wave height after the second wave trough, which proves the effectiveness of the simulation of the wake development by the dynamic mesh method.




4.1.2. Wake Waves of the Steady Turning Motion


Studies have shown that the velocity has a significant effect on the wake waves of the submarine in straight navigation [23]. The present study simulated the wake waves when the velocity of the center of buoyancy varies from Fr = 0.3 to Fr = 0.7 with a submerged depth of H = 0.16 L and rotation rate of  γ  = 0.2. Figure 8 shows the wave patterns for every five seconds at Fr = 0.5 until the time when the waves are fully developed. As the submarine rotates, the waves are induced by the pressure gradient and velocity gradient of the flow field. The fluid near the port side is compressed more severely than that near the starboard when the submarine is forced in a turn to port. Thus, the wave pattern differs between the two sides of the submarine.



The free-surface waves generated by SUBOFF at different velocities of the center of buoyancy are shown in Figure 9. It is obvious that the higher the velocity reached is, the more significant the wave is, with a longer wavelength obtained in the transverse direction. However, the number of significant waves decreases as the submarine speeds up. The crests and troughs of diverging waves are much more significant on the inside of the rotational radius than those on the outside.





4.2. Influence of the Velocity


4.2.1. Pressure Coefficient Acting on the Submarine


The surface pressure coefficients along the meridians of the port side and starboard side in the cases of straight navigation and steady turning at Fr = 0.5 and  γ  = 0.2 are shown in Figure 10. This study uses the pressure coefficients along the meridians of the port side and starboard side to reflect the characteristics of the pressure on the hull surface. The pressure coefficient decreases with increasing distance from the bow and rises again at the stern area at around X = 0.8 L. This characteristic of the pressure distribution of submerged objects observed in this study is similar to the ship maneuvering results [24]. Figure 10 shows that there is no pressure difference between the port side and starboard side in the straight navigation case. The pressure difference between the port side and starboard side is caused by the turning motion. Figure 10 shows that the absolute value of the negative pressure coefficient of the starboard side is higher than that of the port side at the bow area (X/L < 0.15) and the stern area (X/L > 0.75). The magnitude of the pressure coefficient along the meridian of the starboard is lower than that of the port side in the middle parallel part.



Figure 11 represents the velocity vector field on the plane of z = 0 in the case of a steady turning motion. The vector pointing to the surface of the stern area indicates that this area is subjected to positive pressure; thus, the pressure coefficient is greater than 0. The area where the velocity vector is leaving the surface means that the pressure coefficient is less than 0. The velocity of the fluid on the submarine surface differs from place to place. Figure 11 shows that a higher relative velocity occurs around X/L = 0.1 L and X/L = 0.7 L. According to Bernoulli’s equation, the nose of the bow obtains the maximum pressure because of the stagnation point, and the pressure will drop rapidly as the velocity increases. The relative velocity of the fluid decreases because of the flow separation, approaching the stern of the submarine after X/L = 0.8 L, which causes the pressure to increase at the same time. In addition, the backflow at the rear region of the submarine leads to more energy being consumed due to the viscosity. This phenomenon, accompanied by energy loss, will finally result in the pressure of the stern being lower than that of the bow.




4.2.2. Influence of the Velocity on the Pressure Coefficient


The pressure of the submarine is affected by its forwarding velocity. Figure 12a,b shows the pressure coefficients along the meridians of the port side and starboard side of the submarine at different velocities and at the rotation rate  γ  = 0.2. As the velocity increases, the rising trend of the parallel middle body at Fr = 0.3 gradually develops into a downtrend at Fr = 0.5. Taking the wake waves into consideration, the high velocity of the submarine causes the boundary layer separation point to move forward and the fluid gets more kinetic energy, so that the wake waves is more significant. This scenario is accompanied by greater energy loss that leads to a more significant pressure drop at the same time.




4.2.3. Influence of the Velocity on the Force


Liu et al. [25] demonstrated that the resistance of a submarine in straight navigation is affected by the forwarding speed. The resistance in the case of steady turning can be reduced to a tangential force Ft and normal force Fn. The force component is illustrated in Figure 13, with the direction of the forces in Figure 13 set in the positive direction. The tangential force represents the resultant force component of the wave-making resistance, viscous force and pressure force in the opposite direction of navigation. The pressure force comes from the longitudinal pressure gradient, which is caused by the kinetic energy loss due to viscosity. Figure 14a shows that the tangential force increases as the steady turning velocity increases. The normal force represents the lateral force caused by the pressure difference between the port and starboard sides of the submarine [19]. The normal force, shown in Figure 14b, has the same trend as the tangential force.





4.3. Influence of the Rotation Rate


According to the results for the cases of straight navigation and steady turning motion at Fr = 0.5, the pressure coefficients of both sides are identical in the straight navigation case. The turning motion causes the pressure difference between the port side and starboard side. If the rotational radius changes and the same velocity of Fr = 0.5 of the submarine at the center of buoyancy is maintained, the difference in the pressure coefficient will significantly change when the submarine acquires the same orientation relative to the rotational center. The rotation rate, which relates to the ratio of the hull length to rotational radius, corresponds to  γ  = 0.333 (R = 3 L) and  γ  = 0.143 (R = 7 L), respectively. As shown in Figure 15, the dashed line and solid line marked with points represent the pressure coefficients of the starboard side and port side, respectively, at  γ  = 0.143. The gap in the pressure coefficient at X/L < 0.15 and X/L > 0.75, in the case of  γ  = 0.143, is much smaller than in the case of  γ  = 0.333. The effect of the rotation rate on the pressure coefficient is very minimal for the parallel middle body of the starboard when the submarine is forced in a turn to port. Nevertheless, the magnitude of the pressure coefficient on the port side becomes smaller as the rotation rate decreases. Hence, decreasing the rotation rate can reduce the pressure difference between the port and starboard sides.



The normal force, shown in Table 5, is greater than 0, meaning that the normal force is in the same direction as shown in Figure 13, when the submarine is forced in a turn to port. According to Table 5, the change in the tangential force is minimal when the submarine turns at the same velocity. However, the normal force decreases significantly as the rotational radius increases at the same time. The rotation rate γ, which represents the ratio of the length of the submarine to rotational radius, decreases accordingly as the rotational radius increases. The results of the tangential force indicate that rotation rate does not have much effect on the longitudinal pressure gradient, viscous shear stress gradient and wave-making intensity. In contrast, the normal component of the force is strongly influenced by the rotation rate of the submarine in the steady turning motion. The tangential force is much greater than normal force, so that the resultant force of the two force components shows a small decrease in this trend.





5. Conclusions


This study established a numerical model in FLUENT by using a combination of the dynamic layering mesh method and overset mesh technique in order to simulate the motion of the SUBOFF bare hull. The present approach solves the problem arising from a poor mesh quality, uncertainties in the exchange of data on the interface and the instability of the boundary conditions. It improves the mesh quality and avoids mesh deformation around the submarine, whereas before, the model needed to be re-meshed dynamically. In addition to the improvement of the accuracy of the simulation, the uncertainties of this approach are reduced compared with the sliding mesh method, which requires the exchanging of data on the interface. The total number of mesh cells in the model increases over the simulation time. It is possible to start with a small number of mesh cells to save computing costs. The model is proved to be feasible by comparing the numerical results with the experimental data in a straight navigation case. The conclusions of the present study are as follows:




	(1)

	
The steady turning motion of the submarine causes the pressure difference between the port side and starboard side, which results from the difference in the velocity field distribution and the flow separation on both sides of the submarine. The velocity vector field on the plane of z = 0 reflects the characteristics of the flow field around the submarine during its turning motion. It can explain the surface pressure variation precisely through the analysis of the velocity vector field based on Bernoulli’s equation.




	(2)

	
In the steady turning period, under the condition of the same rotation rate, the influences of the velocity on the wake waves, pressure coefficient and force are significant. The force components in both the tangential direction and normal direction increase as the velocity increases. This indicates that the forward velocity affects the flow field in terms of the pressure gradient, viscous shear stress gradient and wave-making intensity.




	(3)

	
When the submarine retains the same velocity but changes in the rotation rate, the force component in the normal direction changes significantly. Decreasing the rotation rate will decrease the normal force. Thus, the normal force is strongly affected by the rotation rate. The tangential force tends to remain constant at the same time, indicating that it is independent of the rotation rate.









Even though the present approach improves numerical accuracy and efficiency, it has limitations as well. The cell height of each layer for the renewal of the mesh in the computational domain is fixed and cannot change during the calculation. Thus, it is necessary to choose a proper cell height ho in order to balance the numerical accuracy and efficiency. The C-type domain is suitable for obtaining the complete wake waves of the submarine under a turning motion. It is possible to shorten the computational domain when the simulations focus only on the hydrodynamic derivatives of the submarine.
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Figure 1. Schematic of the computational domain. (a) Straight navigation. (b) Steady turning motion. 
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Figure 2. Initial grids of the computational domain. (a) Straight navigation. (b) Steady turning motion, (c) Overset region section profile. 
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Figure 3. Mesh topologies (top view). (a) Initial mesh, (b) Renewal of mesh, (c) Initial mesh, (d) Renewal of mesh. 
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Figure 4. Validation of the resistance results. 






Figure 4. Validation of the resistance results.



[image: Jmse 10 01417 g004]







[image: Jmse 10 01417 g005 550] 





Figure 5. Validation of the pressure coefficient along the upper meridian. 
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Figure 6. Velocity vector field at z = 0 with the two methods. 
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Figure 7. Wave profile on the free surface. 
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Figure 8. Development of wakes at the free surface at Fr = 0.5. (a) t = 5 s, (b) t = 10 s, (c) t = 15 s. 
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Figure 9. Characteristics of wakes at the free surface at different velocities. (a) Fr = 0.3, (b) Fr = 0.5, (c) Fr = 0.7. 
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Figure 10. Pressure coefficients along the meridians of the port side and starboard side for different motion types. 
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Figure 11. Velocity vector field on the plane of z = 0. 
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Figure 12. Pressure coefficients along the meridians of the port side and starboard side at different velocities. (a) Starboard side. (b) Port side. 
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Figure 13. Schematic of the force components. 
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Figure 14. Force component at varying velocities at the center of buoyancy. (a) The tangential component of resistance. (b) The normal component of resistance. 
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Figure 15. Pressure coefficients along the meridians of the port side and starboard side at different rotation rates. 
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Table 1. Mesh convergence analysis for straight navigation.
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	Basic Size(m)
	Net Increase in Cells (Thousand/s)
	Total Resistance Rt (N)
	Error of Rt (%)





	0.042
	412.528
	70.465
	——



	0.063
	324.429
	70.461
	0.006



	0.084
	206.963
	69.984
	0.683



	0.126
	128.653
	69.404
	1.507
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Table 2. Time step convergence analysis for straight navigation.
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	Time Step (s)
	Number of Steps (Step)
	Total Resistance Rt (N)
	Error of Rt (%)





	0.005
	1000
	70.829
	——



	0.01
	500
	70.461
	0.520



	0.02
	250
	69.291
	2.172



	0.05
	100
	68.568
	3.193
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Table 3. Mesh convergence analysis for steady turning.
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	Basic Size(m)
	Net Increase in Cells (Thousand/s)
	Total Resistance Rt (N)
	Error of Rt (%)





	0.0315
	225.763
	71.749
	——



	0.042
	170.822
	71.342
	0.568



	0.063
	115.586
	70.653
	1.529



	0.084
	83.421
	69.976
	2.471
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Table 4. Time step convergence analysis for steady turning.
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	Time Step (s)
	Number of Steps (Step)
	Total Resistance Rt (N)
	Error of Rt (%)





	0.005
	1000
	71.816
	——



	0.01
	500
	71.342
	0.660



	0.02
	250
	70.388
	1.989



	0.05
	100
	69.720
	2.918
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Table 5. Force component of the submarine at different rotation rates at Fr = 0.5.
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Froude Number

Fr (-)

	
Rotational Radius

R (m)

	
Rotation Rate

γ = L/R (-)

	
Tangential Force

Ft (N)

	
Normal Force

Fn (N)

	
Resultant Force

Rt (N)






	
0.5

	
3 L

	
0.333

	
69.305

	
19.665

	
72.041




	
5 L

	
0.200

	
69.938

	
9.575

	
70.590




	
7 L

	
0.143

	
69.970

	
3.441

	
70.216
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