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SUMMARY

Accurate prediction of hydrodynamic coefficients is crucial for the design and maneuvering analysis of AUVs. This study addresses a significant challenge in estimating damping and added mass coefficients, including higher-order terms, by employing a URANS-based finite volume method FVM. The PMM module is applied in both yaw and sway motions to compute forces and moments, and sixth-order polynomial interpolation is used to extract linear and rotational coefficients. The results demonstrate that the added mass coefficient for the yaw moment is 1.94, with a relative error of less than 0.5% compared to experimental data, highlighting the high accuracy of the proposed approach. Additionally, the effect of the vehicle’s length-to-diameter ratio is investigated to guide optimal geometric design. The innovative aspects of this work include the precise calculation of third-order hydrodynamic coefficients, incorporation of viscosity and turbulence effects for improved realism, and an efficient numerical procedure that enhances accuracy while reducing computation time. These findings provide valuable insights for AUV design and maneuvering performance prediction.
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NOMENCLATURE




	symbol

	Description




	L (m)

	Subsurface total length




	L/D

	Aspect ratio




	u v w

	velocity along the coordinate axes (m/s)




	p q r

	Angular velocity along the coordinate axes (rad/s)




	X Y Z

	Force along the coordinate axes (N)




	K M N

	Torque along the coordinate axes (N, m)




	aG

	Acceleration (m/s2)




	Xu

	Axial added mass factor (kg)




	Xu

	First order axial damping coefficient (kg/s)




	Xu|u|

	Second order axial damping coefficient




	CD

	Drag coefficient








1.  INTRODUCTION

Hydrodynamic forces on the submarine body, consisting of drag and lift, can be written in the form of coefficients of velocity and acceleration using the Taylor series. These coefficients are called hydrodynamic coefficients. By nondimensionalization of these coefficients, they can be generalized to other models using the similarity principle. Added mass and damping coefficients are considered as the hydrodynamic coefficients (Triantafyllou and Hover, 2003). It is essential very important to use hydrodynamic coefficients to study the maneuvering of vehicles. Three critical motions in the maneuvering of vehicles are surge, sway, and yaw. Experimental and numerical methods can be used to check the maneuvering of vehicles.

Because of the high costs of experimental methods including model construction, plate test facilities in the tension basin and its time-consuming nature, and the many possibilities of laboratory methods, many researchers use numerical methods.

The study of the past results shows that the use of methods such as the potential function and the strip theory, although it reduces the calculation time, the accuracy is not sufficient for the estimation of marine problems due to the elimination of the effects of viscosity and ignoring the turbulence. Among these methods, the finite volume computational fluid dynamics (CFD) approach is very applicable due to its perfect accuracy despite the high computational cost. Hajivand and Mousavizadegan (Hajivand and Mousavizadegan, 2015a, Hajivand and Mousavizadegan, 2015b) calculated the non-linear and linear velocities dependent damping coefficients using numerical simulation of maneuvering oblique towing test. This simulation is done for DTMB 5512 geometry and two turbulence models k–ε and SST k-ω in the presence of free water surface. Mostafapour et al. (Mostafapour et al., 2017) Investigated the hydrodynamic derivatives based on the water tunnel maneuvers. They measured forces and moments by a six-component strain gauge balance for performing the planar motion mechanism tests of the water tunnel. Also, Zhang et al. (Zhang et al., 2021) computed hydrodynamic coefficients using CFD approach. They analyzed the AUV resistance at different propeller layout conditions and simulated the AUV motion. Also, they calculated the hydrodynamic coefficients at different pitch angles and determined the propeller thrust by estimating the axial and radial forces. Hong et al. (Hong et al., 2022) conducted a numerical study that estimated the hydrodynamic coefficient AUV considering surge, heave, and yaw degrees of freedom. They obtained the hydrodynamic coefficients of a vehicle using the k-ε turbulence model, which is unsuitable for fluid with flow separation. In addition, they examined the sway motions and solved the model in two dimensions. Additionally, Mitra et al. (Mitra et al., 2019) studied the effect of turbulence of free stream on an AUV model using  experimental and numerical methods. Their study is carried out at different angles of attack, submergence depths and Reynolds numbers. These experiments were carried out in a circulating water tank. Using ADV1, was measured the instantaneous velocity of the flow along the AUV model. Panda et al. (Panda et al., 2021) investigated the hydrodynamic characteristics of the AUV. They presented the experimental techniques used in the hydrodynamic analysis, methods of stabilizing the AUV in the traction tank, and measurement tools. Wu et al. (Wu et al., 2021) proposed a numerical method to evaluate the hydrodynamic performance of ducted propellers AUV. Moreover, Safari et al. (Safari et al., 2022) proposed an effective method for evaluating hydrodynamic coefficients (HCs) applying CFD. With this proposed method, it is possible to determine all HCs by performing only one simulation instead of captive model tests. In recent years, researches have been carried out in the field of hydrodynamic coefficients on asymmetric subsurface. Upadhyay et al. (Upadhyay et al., 2015) and Martin et al. (Martin and Whitcomb, 2013) are among the researchers who have conducted research on this issue in recent years. Upadhyay et al. (Upadhyay et al., 2015) presented different characteristic of the unique design of the AUV and compared the simulations performed on a decoupled mathematical model against experimental method. Martin et al. (Martin and Whitcomb, 2013) addressed the modeling and experimental identification of 6 various 6-DOF coupled nonlinear second-order plant models. They reported a comparative experimental computation of 6 various volunteer plant models whose unknown plant parameters are evaluated from data obtained in free-motion vehicle trials. Besides, Yang et al. (Yang et al., 2015) proposed a control-oriented modeling approach for a low-speed semi-AUV CISCREA to realize an impressive modeling method to tune passable control design models. They used cost efficient CFD to estimate the two hydrodynamic key parameters: The damping matrix and the added mass matrix. WAMIT (Lee and Newman, 2006) and MCC (MCC) are the names of two programs in the field of computational fluid dynamics problems, which are mainly used in asymmetric and complex bodies. In addition, Zhang et al. (Zhang et al., 2010) calculated the hydrodynamic coefficients using the PMM2 module. Increasing the accuracy of the numerical method increased its application in the industrial field for hydrodynamic calculations. Shu-xin et al. (Wang et al., 2011) applied angular and linear momentum to create the dynamic equations of  rigid body motion. They considered the effect of rotational and translational motion of internal masses on attitude control. In another research, Prestero et al. (Prestero, 2001) studied the six-degree-of-freedom motions of the REMUS submarine and calculated lift and drag forces, added mass, and hydrodynamic coefficients. Oller et al. (Oller, 2003) calculated the force and moment acting on REMUS AUV in shallow water. They investigated the effects of non-linear sinusoidal motions at different depths, frequencies of oscillation, velocities and amplitudes of oscillations. Tyagi et al. (Tyagi and Sen, 2006) used CFD based on RANS3 equation to estimate the moment coefficients and transverse hydrodynamic damping force. They performed numerical simulations for two typical AUV geometries. McEwen et al. (McEwen and Streitlien, 2001) numerically obtained hydrodynamic and added mass coefficients of a subsurface with variable length. Saghafian et al. (Saghafian et al., 2007) investigated numerically the flow over a remotely operated vehicle (ROV) using the Fluent. They estimated the ROV hydrodynamic forces and dimensionless force coefficients horizontal and vertical movement with and without acceleration.

Although extensive research has been carried out in various dimensions and topics in the field of determining the behavior and calculating the hydrodynamic coefficients of subsurface vehicles by numerical method, but still determining the numerical simulation parameters to calculate the hydrodynamic coefficients in various tests is a serious challenge. Using the methods of strip theory and the potential function, the errors caused by ignoring the viscosity and turbulence effects will be included in the results. In this article, relying on the URANS method, it is tried to increase the accuracy of the results. On the other hand, calculating higher order hydrodynamic coefficients improves the prediction of non-linear movements, which has received less attention in recent studies. Also, in this study, the effect of aspect ratio has been investigated in order to choose the optimal geometry shape in submarine maneuvering.

In this paper, the basic equations of the fluid are presented and the numerical analysis of the model is performed using Star-CCM+ (CD-adapco, 2020) based on the FVM4. The simulation is performed in unsteady conditions using the k-ω SST turbulence model. Afterward, to increase the accuracy of the results, the mesh independence is examined. To calculate the hydrodynamic coefficients such as damping coefficients and added mass, the PMM test simulation is performed through the software’s dedicated module in two pure yaw and sway situations. In this paper, the values obtained by Prestero’s experimental study (Prestero, 2001) are used as a reference. Finally, the relative error of the calculated coefficients compared to the experimental data performed by Prestero (Prestero, 2001) is presented.

This study aims to address a clear research gap in the numerical prediction of hydrodynamic coefficients of submerged vehicles. Despite previous studies, challenges remain in accurately determining CFD simulation parameters, capturing viscosity and turbulence effects, and predicting nonlinear maneuvering behavior. To fill this gap, the study seeks to answer the following research questions: How accurately can a URANS-based CFD approach predict the hydrodynamic coefficients of a submerged vehicle in comparison with experimental data? To what extent does considering viscosity and turbulence effects improve the estimation of these coefficients relative to potential-flow-based methods? How do higher-order hydrodynamic coefficients contribute to a better prediction of nonlinear maneuvering behavior? How sensitive are the CFD-based PMM test results to key numerical parameters such as mesh resolution, unsteady effects, and turbulence modeling? Finally, how does the aspect ratio of the vehicle influence the hydrodynamic coefficients and maneuvering performance?

The main innovations and contributions of this study are summarized as follows:

•Application of the URANS approach to improve the accuracy of hydrodynamic coefficient prediction by explicitly considering viscosity and turbulence effects, which are neglected in strip theory and potential flow methods.

•Computation of higher-order hydrodynamic coefficients to enhance the prediction of nonlinear maneuvering behavior of underwater vehicles, an aspect that has received limited attention in previous studies.

•Coupling CFD with PMM test simulations in pure yaw and sway motions using a dedicated module in Star-CCM+, providing a more realistic representation of maneuvering dynamics.

•Analysis of the effect of aspect ratio on hydrodynamic coefficients, offering practical guidelines for selecting optimal submarine geometry in maneuvering performance.

2.  METHODOLOGY

2.1 GOVERNING EQUATIONS

The basic equations of incompressible fluid flow are the conservation equations of mass and momentum defined as follows (Fefferman, 2000):
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Where in ui denotes the velocity vector in the i direction, P denotes the pressure, Bi is the volume force in the i direction, μ denotes the dynamic viscosity and ξ is the second coefficient of viscosity. Experimental results have shown that the value of ξ is minimal for most fluids and can be ignored. For an incompressible fluid, the moment equation (Eq. 2), known as the Navier-Stokes equation, becomes as follows (Batchelor, 1967):
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To consider the turbulence effects, the k – ω SST model was used. This model uses (ω) the specific rate of dissipation and (k) turbulence kinetic energy. The k-ω SST turbulence model is a two-equation eddy-viscosity model that is used for many aerodynamic applications. It is a combinatory model that includes k-ε and k-ω models. The use of the equation of k-ω in the inner part of the boundary layer makes this model perform very well in the entire area under the viscous layer near the wall. As a result, the SST model was used as a low Reynolds turbulence model without any additional damping function (Menter, 1994).

2.2 GEOMETRY AND SOLUTION CONDITIONS

Calculation of hydrodynamic coefficients requires the determination of body profile, mass, and mass distribution. The vehicle considered in this paper has a profile by the Myring form (Myring, 1976), with a total length (L) of 1.330 meters and a maximum diameter (D) of 0.191 meters. Further, it has the lowest resistance force in the considered aspect ratio of L/D in the surge direction. According to Myring’s relation, the length of each body is a function of the distance from the bow. Other specifications shown in Figure 1 are related to the REMUS vehicle (Prestero, 2001), which is given in Table 1.
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As the vehicle is moving in salty seawater, the density and dynamic viscosity of the fluid around the body are considered to be 1025 kg/m3 and 1.88 × 10–3 Pascal second, respectively. Numerical modeling of the vehicle body requires determining the appropriate boundary conditions for the problem. For this purpose, the boundary conditions are determined based on Figure 2. The distance between the boundaries and the body shall be determined so that the boundaries do not affect the flow around the body. Various researchers discussed the minimum distance between the borders and the body. Tyagi (Tyagi and Sen, 2006) showed that the appropriate range for body motion is more than twice the length from the front and sides and four times the length from the end.
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2.3 COMPUTATIONAL MESH

Choosing the appropriate domain and boundary conditions on the one hand, and on the other hand, accurate gridding and numerical conditions appropriate to the physics of the problem lead to an accurate result. The best option for problems with flow separation is Trimmed (CD-adapco, 2020). Accordingly, an overlapping network was used around the body to create mobility. Figure 3 shows the computational mesh and domain for the vehicle under study.
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To check the mesh independence, the body was examined with different grids. For this purpose, the vehicle was numerically simulated in surge motion with a time step of 0.001 and design velocity of 2.5 m/s. The specifications of the grids created in the stage of mesh independence are shown in Table 2.
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Figure 4 shows the drag force in terms of the number of grid cells. As seen, grid No. 4 is suitable for simulation because the drag force from grid No. 5 is not much different from the previous one.
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3.  CALCULATION AND VALIDATION OF HYDRODYNAMIC COEFFICIENTS

Calculation of each hydrodynamic coefficient requires a separate numerical test, as it is not possible to determine all coefficients simultaneously. In general, hydrodynamic coefficients are divided into two categories: damping coefficients and added mass coefficients. To calculate the damping coefficients, the acceleration of the vehicle is set to zero in order to ignore the influence of the added mass. Accordingly, the hydrodynamic forces and moments are defined as follows:
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Here X, Y and N represent the surge force, sway force, and yaw moment, respectively. Also, u, v, and r respectively represent the surge motion velocity, sway motion velocity, and yaw rotational velocity. The coefficients such as Xu, Yv, Nr, etc. are the corresponding hydrodynamic coefficients, which are defined as the derivative of the respective force or moment with respect to the relevant motion variable. For example, for sway motion, the hydrodynamic coefficients are mathematically expressed as:
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To extract these coefficients, eight separate numerical simulations were performed. These include:

•Five simulations for surge motion with constant velocity,

•One simulation for surge motion with constant acceleration,

•Two PMM simulations for pure sway and pure yaw motions.

Table 3 presents the calculated coefficients along with their corresponding motions, while Table 4 details each stage of the simulations performed by the software. This approach ensures that all coefficients are accurately determined and provides a basis for identifying potential sources of modeling errors, such as discretization effects, turbulence modeling assumptions, and numerical approximations.

[image: ]

3.1 SURGE MOTION

To calculate the coefficients of surge motion, the vehicle was moved in a straight motion at velocities of 0.5, 1.0, 1.5, 0.2, and 2.5 m/s. Also, the vehicle was moved for 2.5 seconds at each velocity. Since these 5 stages of the simulation were of the constant velocity and the acceleration was not applied, therefore, there was no added mass in these cases. The drag force values were calculated at each of the velocities, whose graph is shown in Figure 5.

[image: ]

By interpolating the points shown in Figure 5, equation (10) which represents the drag force in terms of the surge velocity was obtained as:

[image: ]

Equation (12) was obtained from the equation (4) by considering zero acceleration. By matching equation (10) and equation (11), the damping coefficients of surge motion were determined. These coefficients are shown in Table 5.
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Then, the simulation of the surge motion was performed in an accelerated manner. Equation (12) expresses the drag force equation in a straight motion with constant acceleration. By comparing equations (11) and (12), the added mass coefficient of the surge motion was calculated as follows:
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To calculate the Xu̇, the value of XD at u = 2.5m/s shall be subtracted from the XA value at t = 3s. The value of this coefficient is shown in Table 5 which shows the reliability of the present method.
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As observed in Table 5, calculation of higher order hydrodynamic coefficients will increase accuracy in predicting motion characteristics, especially in non-linear motions. Therefore, with the current numerical method, the damping coefficients have been obtained up to the third order, while they were calculated up to the second-order through the experimental one (Prestero, 2001). On the other hand, the relative error of the added mass coefficient is about 3%, which shows a good agreement between the present method and the experimental one (Prestero, 2001). The relative error of the second-order damping coefficient is somewhat small, which can be caused due to the interpolation performed for the force-velocity curve and the errors created in the numerical simulation process.

3.2 SWAY MOTION

To estimate the coefficients of the sway motion, the PMM test was modeled in pure sway. In this way, the body was connected to a virtual arm from its buoyancy center and the arm was moved in the water with the specifications listed in Table 6. Also, the parameters of sway motion for the PMM test are shown in Figure 6.
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The above simulation was run for 2.5 seconds. The values of the drag force along the y-axis and the moment around the z-axis were obtained. Figure 7 shows the force and moment diagram obtained from the simulation in terms of time. Figure 8 shows the distribution of fluid velocity around the vehicle. The similarity of the effect line of vehicle motion on the fluid is evident between Figures 6 and 8.
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It should be noted that the equations related to the displacement, velocity, and acceleration are obtained as follows:

[image: ]

[image: ]

[image: ]

The values of y0 and T are obtained from Table 6. In order to better estimate the moment and force equations of the vehicle in terms of velocity, the sixth-order polynomial equation was used. Figure 9 shows the force and moment vehicle in terms of vehicle velocity (v). Equations (17) and (18) were extracted from Figure 9 in a small interval around the point where the derivative is taken. The derivation of force and moment equations were taken concerning velocity and acceleration to obtain the hydrodynamic coefficients. The damping coefficients of yaw and sway motions were measured when the acceleration was zero and the velocity was maximum. Also, the added mass coefficients were measured when the acceleration and displacement were maximum. The velocities and accelerations corresponding to the mentioned times were the points where the derivative was taken. Table 7 shows time points for each coefficient.
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Equations (17) and (18) were derived three times at the point of maximum velocity (vmax), and each time, one of the coefficients (damping and added mass) was obtained. The values of these coefficients are given in Table 8. Figure 10 shows the force and moment of sway in terms of v̇. In addition, equations (19) and (20) represent the functions estimated from Figure 10.
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Equations (19) and (20) were derived at the point of maximum acceleration (v̇max) and the added mass coefficients of force and moment were obtained. The values of damping and added mass coefficients are shown in Table 8.

As observed in Table 8, the damping coefficients were obtained up to the third order through the proposed numerical method, while they were calculated up to the second-order through the experimental one (Prestero, 2001). On the other hand, the relative error of the damping coefficients and added mass because of the Y force are very small and less than 1%, which shows a good agreement between the present method and the experimental one (Prestero, 2001). The Corresponding error of the added mass coefficient due to the moment N is a little high, which can be due to the neglect of viscosity and turbulence in the calculation of these coefficients with the strip theory method, interpolation error because of the complex behavior caused by the moment obtained in the pure sway motion. Also, modeling errors may be involved in this matter, which may be caused by the possibility of a software error.

3.3 YAW MOTION

To estimate the coefficients of the yaw motion, the PMM test was modeled in pure sway. In this way, the body was connected to a virtual arm from its buoyancy center and the arm moves in the water with the specifications listed in Table 9. Figure 11 shows Yaw motion parameters for the PMM test. The simulation was run for 2.5 seconds. The values of the drag force along the y-axis and the moment around the z-axis were obtained. Figure 12 shows the diagram of force and moment in terms of time obtained by the simulation. Also, Figure 13 shows the distribution of fluid velocity around the vehicle. The similarity of the effect line of vehicle motion on the fluid is evident between Figures 11 and 13.
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After the simulation for 2.5 seconds, the values of the drag force along the y-axis and the moment around the z-axis were obtained in terms of time. Then, the coefficients as well as the values of force, moment, and velocity corresponding to time were extracted from the force-time, moment-time, and velocity-time curves. It should be mentioned that the equation related to the displacement, velocity, and acceleration are obtained in the pure yaw situation as follows:
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In the above equations, the values of [image: ] and T were obtained from Table 8. To better estimate the force and moment equations of the vehicle in terms of velocity, the sixth-order polynomial equation was used. Figure 14 shows the force and moment in PMM in the pure yaw situation in terms of yaw rotational velocity. Additionally, equations (24) and (25) were determined from Figure 14 in a small interval around the point where the derivation was taken.
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Equations (24) and (25) were derived three times at the point of maximum velocity (rmax), and each time, one of the coefficients (damping and added mass) were obtained. Figure 15 shows the power and moment in PMM in the pure yaw situation in terms of yaw acceleration (ṙ). Besides, equations (26) and (27) represent the functions estimated from Figure 15.
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Equations (26) and (27) were derived three times at the point of maximum rotational acceleration (rmax), and each time, one of the coefficients (added mass and damping) were obtained. Table 10 listed the coefficients of damping and added mass in the pure yaw situation of the PMM test.
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As observed in Table 10, the damping coefficients were obtained up to the third order through the proposed numerical method, while they were calculated up to the second-order through the experimental one (Prestero, 2001).On the other hand, the corresponding error of the added mass coefficient due to the Y force is very small and less than 1%, also the damping coefficient due to the Y force is small and about 5%, which shows a good agreement between the present method and the experimental one (Prestero, 2001). Further, the relative error of the damping coefficient due to moment N is less than 2% while the corresponding error of added mass coefficient due to the moment N is a little high, which can be due to the interpolation error, and also software error due to the complex behavior of the moment in the pure sway motion.

3.4 COMPUTATIONAL DOMAIN

In this section, the influence of the dimensions of the computational domain on the performance of the AUV maneuver is evaluated. In the numerical analysis of fluid issues, one of the critical parameters is the computational domain. In most fluid issues, the investigated object is placed inside a block, and the sides of this block determine the boundaries of fluid entry and exit. As shown in Table 11, three computational domains with different dimensions are examined and finally domain A is approved.
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The distance between the borders and the body in ranges A to C was reduced by 0.5 L, respectively. In the following, the behavior of some hydrodynamic coefficients in each of these ranges was investigated. The numerical simulation results of the floating maneuver for different domains are shown in Table 12. The damping coefficients of the surge motion increased with the decrease of the AUV distance from the computational domain due to the increase of viscous effects. The coefficients Yvv and Nrr in domains B and C showed significant behavior. Although the coefficient of longitudinal direct movement, in smaller ranges, found more minor error than its experimental value, the other two coefficients, due to the turbulence created in the border region of the computational domain, experienced an increase in error to the point where in the C domain, these two coefficients have values became invalid. Because the dimensions of the domain C are smaller than the dimensions of the AUV, and it is practically impossible to simulate pure yaw and yaw motions.
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3.5 EFFECT OF ASPECT RATIO

One of the factors that causes a change in the drag coefficient of cylindrical bodies is the geometric shape of the nose and tail of the body. Myring body was able to achieve the best body shape with the least drag coefficient after examining several nose and tail shapes. The main body used in this research has a ratio of length-to-diameter of 7. In this section, by maintaining the rules of Myring body profile, five other bodies with a ratio of length-to-diameter ratio of 1 to 16 are produced based on the relations (18–20) and the simulation of triple maneuver movements is done on them. Figure 16 shows a view of the produced bodies. After extracting the required forces and moments as well as the second-order hydrodynamic coefficients (without applying acceleration), the results are obtained, as shown in Figure 17.
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Relations of the Myring body are such that it is impossible to produce the body in any aspect ratio. For example, by applying an aspect ratio of 2, the obtained body cannot be used from a technical point of view. Accordingly, the relations of the Myring body have a limitation in the dimensional ratio. Although the examination of some of the dimensions listed in Figure 18 may not be operationally justified, it should be noted that the parametric study is effective when the information from many samples is collected. In some dimensional ratios, due to the AUV tail being removed from the analysis environment, it is practically impossible to simulate any motion but the surge one. Also, if the dimensions of the computational domain are changed, the same conditions will not prevail for the bodies. However, among the bodies whose simulations were completed successfully, with the increase in the length of the AUV, the value of all three desired coefficients increased. The main reason is the adverse effect of body surface contact with the fluid. Although more elongated AUVs are suitable for moving under the surface of the water, this elongation also has limitations that must be determined in each case. The main body used in this research has an aspect ratio of 6.97, and the examination of numerical coefficients in an aspect ratio of 8 shows the replaceability of these two bodies in other simulations, as shown in Figure 18.
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4.  CONCLUSION

In this article, the hydrodynamic coefficients of the REMUS underwater vehicle, including damping and added mass coefficients, were calculated up to the third order using the finite volume CFD method. A Myring body was selected to numerically simulate unsteady maneuvers in surge, sway, and yaw motions, while turbulence effects were captured using the k-ω SST model. Forces and moments in yaw and sway motions were extracted through the PMM module in two cases: pure yaw and pure sway. The overset grid method enabled accurate representation of vehicle motion, and mesh independence was analyzed to ensure the reliability of the simulations. Sixth-order polynomial interpolation of forces and moments in terms of linear and rotational velocities and accelerations allowed the precise determination of each hydrodynamic coefficient. The numerical results demonstrated good agreement with reference experimental data, confirming the validity of the proposed approach.

The main advantages of the presented method over experimental approaches include the high efficiency in extracting first- to third-order hydrodynamic coefficients, the simultaneous calculation of damping and added mass coefficients, and high accuracy, enabling reliable prediction of nonlinear motions.

In the second step, the effect of computational domain dimensions was examined by simulating the AUV’s approach to the seabed and observing depth-dependent changes in hydrodynamic coefficients. The results indicated that limiting the movement boundaries increased resistance forces, which in turn increased the damping and added mass coefficients. While surge coefficients were relatively insensitive to domain size, reducing the computational domain hindered accurate prediction of yaw and sway coefficients. These findings emphasize that the proximity to boundaries significantly alters hydrodynamic behavior and must be considered in subsurface control strategies.

In the third step, the influence of the vehicle’s length-to-diameter ratio was investigated while maintaining the Myring body profile. The results showed that elongating the AUV led to increases in the selected hydrodynamic coefficients.

For future research, investigations will focus on the effects of sea floor irregularities on subsurface control, the impact of body attachments on resistance forces during projectile movement within confined spaces, stress analysis on the body and accessories during float exit from confined domains, and maneuvering performance in angled floating conditions. These studies aim to further enhance the accuracy and applicability of hydrodynamic predictions for AUV design and operation.
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