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Abstract

:

In this paper, the Magnus force induced by a disk-type, spinnable autonomous underwater vehicle (AUV), i.e., autonomous underwater helicopter (AUH), was predicted to promote the spinning AUH moving away from a deep-sea region with temporary and shockable ocean current. The simulation technique of the ANSYS-CFX solver based on viscous computational fluid dynamics (CFD) was employed to analyze the hydrodynamic performance of the spinning AUH and its high-speed propellers in uniform flow conditions. The behavior of the spinning AUH in currents can obviously alter the pressure distribution on both sides of the disk-shaped hull form, resulting in a differential pressure force in the horizontal plane, i.e., Magnus force. The simulation results show that this induced force can enable an AUH at 1 knot service speed to successfully move away from a sudden, transient, and/or steady, uniform ocean current region with inflow velocities of 1–2 knots in deep-sea conditions. The Magnus force induced by symmetrically configurated propeller couple force can be more efficient and effective at driving the AUH’s escape from the current spoiler zone than driving the AUH using the two high-revolution propellers directly. A suitable mechanical power energy-saving matching point integrating the AUH and symmetric propulsion was determined to compare the proposed method and two conventional methods for AUH escape from currents. The comparison results prove that the proposed method is effective and efficient. This study provides a significant reference for the interdependent relationship between the effective spinning speed of an AUH, subject to couple force, controlled propeller revolution, AUH speed, and battery capacity, and the range of ocean currents.
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1. Introduction


A torpedo-shaped, axis-symmetric slender body is undoubtedly the main appearance of conventional autonomous underwater vehicles (AUVs) [1,2,3], but it has poor maneuverability in sway due to the inefficiency of the control surfaces under low-velocity conditions, whereas it has good linear motion performance due to its streamlined shape [3]. In response to the complex environment under the sea, especially within temporary, shockable, steady, and/or unsteady ocean currents, an important requirement for the next generation of AUVs is to travel deeper and be more maneuverable while retaining stability [3,4,5]. Hence, a new type of AUV named “Autonomous Underwater Helicopter” (AUH), an axis-symmetric, disk-shaped underwater vehicle, was designed to meet this requirement in 2016 [6]. The structural design and a scale model of the AUH are shown in Figure 1 and Figure 2. A new operation mode of the AUH is working from seabed to seabed, as shown in Figure 3, which distinguishes it from the model of the conventional AUVs, which work from wave surface through deep sea and return to the wave surface. Because of the oceanic environment, the AUH will be disturbed by the ocean current, causing motion instability when it works under the sea [6].



In the literature, the Routh motion stability criteria [3,5,6,7] of vertical and horizontal planes for the axis-symmetric, disk-shaped AUH and torpedo-shaped AUVs consisting of linear hydrodynamic derivatives were implemented using the ANSYS-CFX computational fluid dynamics (CFD) solver [6]. The motion stability of the disk-shaped AUH has been studied to prove that the vertical motion stability of the AUH is better than that of conventional torpedo-shaped AUVs, and both are comparable in terms of their horizontal straight-line motion stability [3,6,7].



In recent years, high-performance AUVs have been mounted with over-actuated vectored propulsors, such as vectoring propellers [8] and water jets [9,10], for enhanced hover-capable ability and high maneuverability in oceanic disturbance flow fields. However, enhancing the anti-flow ability of AUVs still needs creative problem-solving, energy-saving, and time-saving methods.



In the horizontal plane, the disk-shaped AUV has prominent anti-flow ability [11] due to the Magnus effect [12], which can be generated by the spinning disk-shaped hull form in yaw. Compared with the torpedo-shaped AUVs [13,14,15], the disk-type AUH in this study has a better spinning performance, achieved by two symmetrically equipped vectoring propellers to produce a couple moment in yaw, as shown in Figure 2.



In this study, a further exploration of research work in the literature [11], a hydrodynamic analysis of the axis-symmetric, disk-type AUH’s spinning behavior was studied in order to better perform complex tasks under an ocean current. This research provides an important reference on the interdependent relationship between the effective spinning speed of the AUH mounted with propellers subjected to controlled propeller revolution, the AUH speed, battery capacity, and the range of the ocean current using the viscous computational fluid dynamics (CFD) simulation technique of the ANSYS-CFX solver [16,17,18]. A high-rotating-speed propeller model mounted with three blades was implemented using the ANSYS-CFX RANS (Reynolds-averaged Navier–Stokes equations) solver for simulating open water tests to predict the hydrodynamic performance, including the non-dimensionless propeller thrust, torque, and efficiency variation versus the advance ratio. Hence, the purpose of studying the spinning performance of the disk-type AUH mounted with a symmetrical propulsion system to generate anti-flow Magnus force was achieved through modeling a propeller loading coefficient, which was incorporated with the AUH resistance, effective horsepower, speed, propeller diameter, etc. The simulation results show that the Magnus force can be effective and efficient in driving the AUH away from a transient, uniform ocean current field. The proposed anti-flow method may be the most effective problem-solving method while the inflow direction and the y–z plane of the body-fixed coordinates are orthogonal. The design parameters of the AUH are shown in Table 1.




2. Modeling the Equations of Motion


The coordinate systems for the dynamic formulations are presented in Figure 4. The body-fixed coordinate system is a Cartesian coordinate system with x, y, and z axes with the origin fixed on the AUH center of gravity (CG) and this coordinate is translating and rotating with the AUH; the sign conventions for roll, pitch, and yaw follow the right-hand rule relative to the x, y, and z axes, respectively. The Earth-fixed coordinate system of x0, y0, and z0 axes is referenced by the flow domain and the vehicle motion trajectory.



The equations of motion (EOMs) for the AUH are expressed in the body-fixed coordinate system. The EOMs consist of a surge equation, a sway equation, and a yaw equation as shown in Equation (1) [3,5]:


{m(u˙−vr)=XHCFDm(v˙+ur)=YHCFDIzzr˙=NHCFD



(1)




where X denotes the force in surge; Y denotes the force in sway; N denotes the moment in yaw; the subscript H denotes the hydrodynamic forces or moments exerted on the AUH; the superscript CFD denotes the hydrodynamic forces and moments predicted by the viscous computational fluid dynamics (CFD) technique using the ANSYS-CFX solver; m denotes the AUH mass; Izz are the moments and products of inertia of the AUH; u and v denote the velocities in surge and sway, respectively; and r denotes the yaw rate.




3. RANS Solver (ANSYS-CFX)


The viscous fluid flow around the AUH was simulated using the commercial finite volume code in the ANSYS-CFX RANS solver, in which the appropriateness and validity of the turbulent model for turbulent flow CFD solutions are acceptable. The turbulent model adopted in this study was the shear stress transport (SST) model, i.e., k–ω [18], because the AUH has a disk-type geometry. The SST model is better than the conventional k–ε turbulent model for predicting separation to be found at the length of the run of the AUH [3,11]. In this study, to compare the hydrodynamic performance of the k–ε and k–ω (SST) turbulence models, both models were used to analyze the hydrodynamic performance of the spinning AUH at yaw rates of 1–6 rad/s. High-quality meshes are desirable in the analysis of the hydrodynamic performance of the AUH. The meshing software ANSYS-ICEM tool was adopted to produce the meshes in this study. The sliding meshes were applied to simulate the spinning ability of the AUH.



3.1. Mesh Generation


As shown in Figure 5, structured meshes of 2.05 million elements and 2.0 million nodes were constructed for this geometry, which emphasizes the mesh topology employed near the AUH and the special attention to resolving near-wall velocity gradients [6]. The first layer thickness of the boundary layer can be expressed as Equation (2) [5,6]:


Δy=LΔy+80Re−1314



(2)




where Re denotes the Reynolds number defined as VL/γ, γ denotes the coefficient of kinematic viscosity, L denotes the diameter of the AUH, and 20 ≤ Δy+ ≤ 200 and Δy+ ≤ 5 using the k–ε and SST turbulence models, respectively.



In Figure 5a,b, the meshes around the AUH hull form transition from a refined mesh of modeling thicknesses of the boundary layer to a coarse mesh away from the hull form, extending out to form a cuboid fluid domain in which sliding meshes are integrated around the AUH hull form in Figure 5b for simulating the spinning disk-shaped AUH in uniform flow to generate the Magnus force for escaping the ocean current.




3.2. Boundary Conditions


Firstly, an inlet boundary condition was located three body lengths upstream with respective inflow velocities of 1 and 2 knots and an inflow turbulence of 5% [3]. Secondly, an outlet boundary condition with zero relative pressure was located at six body lengths downstream. Thirdly, the hull of the AUH is the only solid boundary in the computational fluid domain and was set to a wall with a no-slip condition and different rotating velocities. Finally, free slip wall boundary conditions were applied to the four remaining boundaries which were three body lengths from the AUH, as shown in Figure 6 and Figure 7.




3.3. Computer Simulation


The solutions presented in the CFD simulations were calculated using the ANSYS-CFX high-resolution advection scheme. The residual convergence type was set to RMS, and the residual target set to 10–5. The details of the computational parameters applied to the CFD study on the spinning AUH in uniform flow are given in Table 2.





4. Simulation Results of Magnus Force


In this paper, the CFD simulation results of the hydrodynamic performance of the spinning AUH in various inflow velocities were considered to estimate the spinning speed, drag, and lateral force, i.e., Magnus force for the AUH to move away from the ocean current and to improve the AUH anti-flow maneuverability. Numerical simulations with uniform flow were performed at inflow velocities of 1–2 knots in the horizontal plane. The spinning speed was defined as part of the operational requirements, while the estimated Magnus force and drag were derived on the basis of the RANS CFD techniques.



4.1. Formulation of Hydrodynamic Performance


The drag and Magnus force coefficients relative to the spinning speed and freestream flow speed were divided by physical parameters, e.g., flow velocity, water density, and wetted area. Thus, these coefficients were expressed in term of non-dimensionalized coefficients as follows:


CD=FD12ρV2S



(3)






CL=FL12ρV2S



(4)




where FD and FL denote the drag and Magnus force, respectively; CD and CL denote the hydrodynamic coefficients of drag and Magnus force, respectively; S is the area of wetted surface of the hull projection in the x–y plane, S = πL2/4; L is the max hull diameter; and V is the freestream flow speed. FD and FL were calculated using the ANSYS-CFX RANS solver.




4.2. Distribution of Pressure and Streamlines


The most important parameter is the spin ratio, ωL/2V, which is the ratio of surface speed to freestream flow speed, where ω is the spinning speed of the AUH, L is the max hull diameter, and V is the freestream flow speed. Top views of the flow about the AUH with spin ratios of 0 and 5.83 using both the k–ε and k–ω (SST) turbulence models are shown in Figure 8.



The spinning AUH alters the pressure distribution over the hull form, as shown in Figure 9, and affects the location of boundary-layer separation. The AUH spinning direction is defined by the right-hand rule, and the clockwise spinning speed is positive in this paper. When the AUH moves along the +x direction, separation is delayed on the right-hand side surface of the AUH, as shown in Figure 8c,d, whereas it occurs earlier on the left-hand side surface of the AUH. The flow pressure is reduced on the right-hand side surface and simultaneously increased on the left-hand side surface; thus, the phenomenon of Magnus force was experienced through the pressure difference.




4.3. CFD Prediction of Hydrodynamic Coefficients


In this paper, CFD simulations with steady inflow were carried out at inflow velocities of 1 and 2 knots in the horizontal plane. The important studied parameter is the spin ratio, ωL/2V. The hydrodynamic coefficients of drag and Magnus force for the AUH are presented in Figure 10.



The simulation results from Figure 10 show that the drag coefficients increase consistently as the spin ratio increases, but they increase slowly above ωL/2V ≈ 4, and the values level out at about 0.13 at ωL/2V ≈ 6. No Magnus force will be generated if the AUH is translated without a spinning speed, as shown in Figure 10. Similar to the drag coefficients, the Magnus force coefficients increase consistently as the spin ratio increases but increase slowly above ωL/2V ≈ 2, and the values eventually level out at 0.58 at ωL/2V ≈ 6.



For both the k–ε and SST k–ω turbulence models, the simulation results have a similar trend with spin ratio increase. At different inflow velocity conditions, the numerical predictions of hydrodynamic coefficients using both k–ε and SST turbulence models have little deviation in this study, as shown in Figure 10. The coefficients of drag and Magnus force have maximal errors of 15% and 12% at ωL/2V ≈ 3, respectively, but the deviations become less pronounced as the spin ratio increases.



Two turbulence models were considered in this study. A clear phenomenon was that the numerical predictions of drag and Magnus force using the k–ω (SST) turbulence model were higher than the drag and Magnus force using the k–ε turbulence model. The flow and pressure distribution about the AUH also presented some discrepancies, as shown in Figure 8 and Figure 9. Because the k–ω (SST) model is better for predicting separation, the numerical predictions of drag and Magnus force using the k–ω (SST) turbulence model were considered as references in this study.



According to the CFD simulation results computed using the ANSYS-CFX RANS method and shown in Figure 10, the Magnus force generated by the AUH’s spinning behavior can drive the AUH away from the ocean current. The variations of drag with an inflow velocity of 1 knot and of Magnus force with an inflow velocity of 2 knots as spinning speed increases are shown in Figure 11. It is believed that an AUH with spinning speed greater than 3 rad/s can escape the ocean current at a speed greater than 1 knot in the condition of inflow velocity of 2 knots.



The velocity of the AUH escaping currents with an inflow velocity of 2 knots is shown in Figure 12. It can be seen that the escaping velocity of the AUH increases with the increase of the rotating speed, but the increasing trend gradually slows down. Therefore, increasing the rotating speed to increase the velocity of escaping from the currents is not the best solution for AUHs that can only carry limited battery energy.





5. Hydrodynamic Performance of the High-Speed Propeller


5.1. Mesh Generation


At present, the propeller used in the AUH is a three-blade propeller independently developed by the team. Its three-dimensional view is shown in Figure 13. The maximum diameter is approximately 76 mm and a maximum thrust of 5 kg can be generated at a rotation speed of 3800 rpm.



The meshing of the propeller adopts the sliding grid technology and is mainly divided into the stationary domain and the rotational domain. As shown in Figure 14, the two computing domains are connected through the interface.



The cylindrical calculation domain is the rotational calculation domain, and the outer cuboid is the stationary calculation domain. The diameter of the rotational calculation domain is 3D, and the length, width, and height of the static calculation domain are, respectively, 12D, 8D, and 8D, where D is the maximum propeller diameter. The mesh is shown in Figure 15.




5.2. Hydrodynamic Performance of the Propeller


The pressure distributions at different rotating speeds are shown in Figure 16. It can be seen that when the rotating speed is positive, the pressure on the back of the propeller blade is greater than the pressure on the front surface of the blade, which will generate a force to propel the propeller forward. When the rotating speed is negative, the pressure on the back of the propeller blade is less than the pressure on the front surface of the blade. The force generated by the propeller is opposite to the forward direction of the AUH. The direction of the rotating speed is judged by the right-hand rule. The motion coordinate system of the propeller is parallel to the AUH’s motion coordinate system.



The curves of thrust and torque of the propeller with rotating speed are shown in Figure 17 and Figure 18; generally, when studying the hydrodynamic performance of the propeller, the absolute values of thrust and torque are not used but they are expressed as a non-dimensional coefficient, such as thrust coefficients, KT, torque coefficients, KQ, efficiency, ƞ, and advance ratio, J, as follows:


KT=Tρn2D4



(5)






KQ=Qρn2D5



(6)






η=TVa2πnQ=KTρn2D4Va2πnKQρn2D5=KTKQ⋅Va2πnD=KTKQ⋅J2π



(7)






J=VanD



(8)






KTJ2=Tρn2D4/Va2n2D2=TρD2Va2=RρD2Va2⋅0.9=EHPρD2Va3⋅0.9=2.12



(9)




where T denotes the thrust produced by the propeller, Q denotes the torque of the propeller, Va denotes the velocity of the currents, n denotes the rotating speed of the propeller, and D is the propeller diameter.



Because the AUH can only carry limited energy, the estimate of the power of the AUH is very important. From the AUH resistance, propeller thrust, effective horsepower, speed, and propeller diameter, as in Equations (5), (8) and (10), and the curve of the KT ratio to J2 as in Equation (9) was obtained, i.e., the propeller loading coefficient, which presents the AUH propeller thrust per unit area of the propeller plane in this study. Hence, the intersection point between the curve of KT and the curve of KT about J2 is the value of the advance ratio J that the propeller is working on the AUH. The intersection of the two lines is a suitable mechanical power energy-saving matching point, as shown in Figure 19.



Figure 19 shows that the point of intersection is at J = 0.43, i.e., the matching point between the AUV and the propeller, and the open water efficiency of the propeller is about 0.38. In this paper, the open water efficiency is approximated as the propeller propulsion efficiency. Thus, we can obtain the energy-saving propeller revolution to provide thrust for the AUH for the analysis of energy consumption of the AUH escaping from currents in the next section.





6. A Comparison Using Three Different Methods to Escape Currents


Besides escaping currents by rotating motion, the AUH also can move laterally or vertically by using the acting propellers. In order to prove that the rotating motion can help the AUH to escape from the currents more effectively, this study analyzed the velocity with different methods used to escape the currents. When the inflow velocity was 2 knots, the resistance torque of the AUH changed with the rotating speed, as shown in Figure 20. Because the hull structure of the AUH is a disk-shaped structure with a smooth surface, its resistance torque is small. When all three methods were used to escape from currents, the curves of the required force generated by the propeller changes with the escape velocity are as shown in Figure 21.



Figure 21 shows that for the AUH to rise vertically to escape from the currents, the propeller needs to generate a large force due to its dish shape. Contrary to this kind of motion, the AUH escaping from the currents by using the Magnus force produced by rotating motion of the AUH only needs a small force produced by the propeller. If the AUH adjusts the direction of movement to escape from the currents, the driving force produced by the propeller is also small, but it is obviously larger than the rotating motion.



Because the AUH can only carry limited energy, for the AUH to meet the required design speeds and voyages, the resistance during navigation, battery, and efficiency of the propeller will play a very important role. The battery carried by the AUH can fully discharge 5.76 × 105 J of energy.



The voyage of the AUH can be obtained according to Equation (10) [5]:


Range=Ev/1000(PP+PH)



(10)




where E (J) is the energy of the battery stored in the AUH, v (m/s) is the velocity of the AUH, Pp (W) is the required power of the propeller, and PH (W) is the power of the system and sensors required for payload operation.



The curves of resistance as a function of the velocity of the AUH are shown in Figure 21. According to Equation (11), the effective horsepower of the AUH, i.e., the power to overcome the resistance, can be obtained:


EHP=R×v



(11)




where the EHP is the effective horsepower of the AUH, R denotes the AUH resistance, and v is the AUH velocity.



Assuming no consideration of other energy losses, the voyage of the AUH at different velocities can be obtained according to Equations (10) and (11), as shown in Figure 22, Figure 23 and Figure 24, and the related values are provided in Table 3. For the rotating motion, the calculation of the voyage needs to take into account the relationship between rotating speed and navigation velocity and calculate the sailing time of the underwater helicopter according to Equation (10) and the rotating speed.



In Table 3, the simulation results show that the voyage of the AUH decreases as the navigation velocity increases. The maximum voyages of the AUH when escaping from currents using the three different methods are 7 km (rising in the vertical plane), 78 km (moving laterally in the horizontal plane), and 211 km (relying on the Magnus force). The first two methods directly push the AUH out of the disturbance zone using propeller thrust. Obviously, relying on Magnus force to allow the AUH to escape from the currents (using the third method) results in the largest voyage. The main factor that causes this phenomenon is that the AUH’s escaping motion is mainly dependent on the Magnus force instead of the thrust of the propeller when the AUH is rotating around its z axis in yaw, and its hull has minimal resistance at the same escaping velocity; thus, the driving force produced by the propeller is very small and effectively saves battery energy.




7. Conclusions


The hydrodynamic performance of an axis-symmetric, disk-shaped AUH in uniform flow conditions and the propulsion performance of a high-speed propeller were analyzed using the ANSYS-CFX RANS solver. CFD prediction of the variations in the hydrodynamic Magnus force coefficients of the spinning AUH in the horizontal plane versus the spin ratio was carried out successfully, and the induced Magnus effects were observed clearly. The Magnus force was generated by the AUH’s spinning behavior with a proper spinning speed, whereas this force would be close to zero without the spinning behavior. These force coefficients increase proportionally to the spin ratio, but the increase of the force slows as the spin ratio increases. A propeller loading coefficient integrated with the AUH resistance and configurated propeller thrust was formulated and predicted using the CFD method to estimate energy-saving propeller revolution to advance the AUH escaping from the disturbance area. A comparison of the proposed method and two conventional methods used to promote the AUH escaping from currents was carried out. Obviously, the Magnus force can be more efficient in driving the AUH escape from the current zone as compared to using the propellers directly to drive the AUH escape from the spoiler zone. Hence, the proposed anti-flow method for the AUH can be an effective and efficient problem-solving method while the inflow direction and the y–z plane of the AUH body-fixed coordinate system are orthogonal. The Magnus force is an effective force to drive AUVs away from a uniform ocean current region and is recommended for future research and practical applications, including effects of vertical and/or diagonal water flows on the AUH which should be considered and the development of a high-performance attitude controller for the AUH experimental verification.
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Figure 1. The structural design of the autonomous underwater helicopter (AUH). 






Figure 1. The structural design of the autonomous underwater helicopter (AUH).



[image: Symmetry 11 00397 g001]







[image: Symmetry 11 00397 g002 550]





Figure 2. The AUH prototype mounted with vectoring propellers for the underwater experiment. 
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Figure 3. The working model of the AUH from seabed to seabed. 
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Figure 4. The AUH coordinate systems. 
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Figure 5. The mesh types in the computational fluid domain: (a) Boundary layer thickness; (b) sliding meshes in a cuboid computational fluid domain. 
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Figure 6. The computational fluid domain used to simulate turbulent flow over the spinning AUH and the computational fluid dynamics (CFD) meshing results. 
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Figure 7. The boundary conditions for the spinning AUH: (a) Top view in the x–z plane; (b) side view in the x–y plane. 
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Figure 8. Streamlines produced by ANSYS-CFX CFD calculations of turbulent flow over the AUH with spin ratios of 0 and 5.83, using both the k–ε and shear stress transport (SST) k–ω turbulence models. 
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Figure 9. Pressure distribution of the AUH hull form with spin ratios of 0 and 5.83, using both the k–ε and SST k–ω turbulence models. 
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Figure 10. Variations in Magnus force and drag for different spinning speeds with inflow velocities of 1 and 2 knots. 
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Figure 11. The variation of drag with an inflow velocity of 1 knot and Magnus force with an inflow velocity of 2 knots as spinning speed increases. 
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Figure 12. The curve of escaping velocity of the AUH relative to rotating speed. 
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Figure 13. The propeller used in the AUH: (a) The perspective view; (b) the front view. 
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Figure 14. Computational domain. 
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Figure 15. The CFD meshes of the propeller: (a) The sliding mesh technology applied to the propeller surface meshed around a hexahedron-mesh static computing domain; (b) the tetrahedral mesh generated around the propeller surface in the rotational computing domain; (c) the front view on the tetrahedral mesh around the propeller; (d) the perspective view on the tetrahedral meshes of the blade and hub surfaces. 
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Figure 16. The pressure distribution of propellers at different rotating speeds: (a) 0 rpm; (b) 1900 rpm; (c) −1900 rpm. 
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Figure 17. The thrust of the propeller changing with rotating speed. 
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Figure 18. The torque of the propeller changing with rotating speed. 
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Figure 19. The curves of the hydrodynamic performance of the propeller. 
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Figure 20. The resistance torque of the AUH changing with the rotating speed. 






Figure 20. The resistance torque of the AUH changing with the rotating speed.



[image: Symmetry 11 00397 g020]







[image: Symmetry 11 00397 g021 550]





Figure 21. The driving force produced by the propeller that the AUH requires to escape currents. 
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Figure 22. The relationship between voyage and velocity during vertical motion. 
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Figure 23. The relationship between voyage and velocity during horizontal motion. 
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Figure 24. The relationship between voyage and velocity during rotating motion. 
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Table 1. The design parameters of the AUH.
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	Design Parameters
	Symbol
	Physical Unit
	Value





	Diameter
	L
	m
	1.0



	Design depth
	h
	m
	0–1000



	Height
	H
	m
	0.43–0.48



	Mass
	m
	kg
	50–150



	Design velocity
	V
	kn
	1



	Center of gravity
	G(xG, yG, zG)
	mm
	(0, 0, 0)



	Center of buoyancy
	B(xB, yB, zB)
	mm
	(0, 0, −39.5)
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Table 2. Computational parameters applied to the spinning AUH CFD simulation.
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	Parameters
	Setting





	Computing performance
	4 Intel Xeon CPUs, 72 cores, 36 threads, 2.1 GHz, 256 GB of RAM



	No. of meshing elements
	2.05 million



	Mesh type
	Structured, sliding meshes



	Turbulence models
	k–ε, k–ω (SST)



	Advection scheme
	ANSYS-CFX high resolution



	Residual convergence
	RMS residual < 10–5







Notes: SST—shear stress transport.
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