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Abstract

:

To study the influence of launch conditions and wave interference on the stability of submersible aerial vehicles at the water–air interface, a coupling model for water-exit motion of submersible aerial vehicles was established by using the RNG k-ε turbulence model and VOF method. The water-exit processes of submersible aerial vehicles under different initial inclination angles and velocities were numerically simulated and the effects of initial inclination angle and velocity on the water-exit motion of submersible aerial vehicles were obtained. Based on the response surface function theory, a mathematical model for the motion stability of submersible aerial vehicles at the water–air interface was established, so that the submersible aerial vehicle’s pitch angle and velocity at the end of vehicle’s water-exit process, corresponding to any initial inclination angle and velocity, can be solved. The deviation between the simulated calculation result and the established fitting function model result was 2.7%. The minimum water-exit velocity of submarine aerial vehicles should be greater than 10.8 m/s. The research provides technical support for the trans-media motion stability analysis and hydrodynamic performance design of the submersible aerial vehicle.
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1. Introduction


Submersible aerial vehicles have the advantages of concealment, mobility and strong offensive ability and they have received increasing attention. The water-exit process is the key to the successful launch of submersible aerial vehicles and it involves two-phase interfaces. The missile body is affected by marine environment factors such as ocean currents, waves and so on, and there are great differences in pressure, density, viscosity and other fluid characteristics between water and air [1], which makes the force on the submersible aerial vehicle change greatly when it crosses the interface between water and air [2]. Therefore, the mechanical environment of the submersible aerial vehicle water-exit process is very complex. Furthermore, the process of flying out of the water surface is also affected by waves, which increase the randomness of the water-exit process [3]. The keys to trans-media motion are the water-entry (or -exit) angle and velocity [4]. The process of a submarine-launched missile flying out of water is strongly interfered with by the wind and waves in the ocean. During the water-exit process of a submarine aerial vehicle, the surface of the submarine aerial vehicle is subjected to the impact of water and fluid elastic forces. However, the surface material of the submarine aerial vehicle has sufficient strength, so it can resist the impact of water [5]. If the submersible aerial vehicle does not have an appropriate water-exit angle and velocity, the initial conditions of flight will not be reached after it rushes out of the water surface [6], so that the vehicle will not enter the correct trajectory.



As for the water-exit movement of the bodies with different shapes, some related research has been conducted by previous researchers. Cao [7] used the method of numerical simulation to study the trajectory of submersible aerial vehicle motion in the water after vertical launch, calculated the flow field of the vehicle in the process of water-exit and analyzed the impact of the change of flow field pressure on the vehicle trajectory, but did not analyze the influence of different launch factors on the vehicle’s water-exit trajectory. Wang [8] built the model of three-dimensional water-exit trajectory of submersible aerial vehicles based on dynamic mesh technique but only simulated the water-exit motion process of submarine-launched missiles under a specific launch condition. They obtained the characteristics of underwater trajectory and attitude angle of the submarine-launched missile but could not discern the influence of different launch conditions on the stability of the submarine-launched missile’s water-exit motion. Hu [9] established the hydrodynamic model of Morphing Unmanned Submersible Aerial Vehicle (MUSAV) exiting the water surface obliquely and analyzed the water-to-air process of the vehicle but lacked the prediction analysis of the vehicle’s trans-medium motion stability. Yuan [10] established the water-exit trajectory model of unpowered submersible aerial vehicle carriers and carried out relevant experiments, providing support for simulation and analysis of the submersible aerial vehicle’s water-exit trajectory, but did not carry out research on the influence of pitch angle and velocity on the water-exit movement of submarine aerial vehicles. Siddall [11] proposed and designed a new amphibious aircraft (AquaMAV); this work emphasized the concept of bionic design and demonstrated the feasibility of the waterjet propulsion to fly out of the water but did not analyze the hydrodynamic performance of the amphibious aircraft’s water-exit process. Moshari [12] established a dynamic mesh model to solve water-exit of a circular cylinder based on Volume of Fluid (VOF) method and finite volume discretization-based code but did not analyze the variation of attitude angle and other motion characteristics of the cylinder during the cylinder’s water-exit process. Chu [13] simulated the water-exit process of a cylindrical body and captured the interaction of free surface during the water-exit process; the velocity and acceleration of the cylinder were also analyzed but they did not analyze the influence of launch conditions such as inclination angle and velocity on the trans-medium motion of the cylinder. Ni and Wu [14] researched the vertical water-exit process of a buoyant spheroid by combining boundary element method (BEM) with slender body theory (SBT) but did not comprehensively analyze the slender body’s water-exit movement performance under different launch conditions. Xiao et al. [15] studied the trajectory in the process of a mine out of water but there were too few examples of a mine’s water-exit movement in his research work; thus, it was impossible to fit the typical motion parameters of the mine in the process of water-exit movement, so they could not obtain the law of the motion of the mine in the process of water-exit movement. Wu [16] researched the process of the revolving body’s water-exit and re-entry through experiments and simulations and analyzed the influence of initial submergence coefficient and density on the hydrodynamic force of rotating body, but did not analyze the influence of different launch conditions on the water-exit motion of the revolving body.



In addition, some research about the water-entry process has been carried out. Zhang [17] investigated the kinematic and dynamic characteristics of a circular cylinder during the water-entry process with the GPU-accelerated SPH method but did not analyze the influence of different initial motion parameters on the water-entry motion of the cylinder. Bhalla [18] simulated the water-entry and water-exit of wedges (straight and inclined) and cylinders but did not analyze the motion stability of wedges and cylinders crossing the water–air interface. Vinod [19] simulated the water impact of three rigid axisymmetric bodies, a sphere and two cones, utilizing VOF method to track the free surface but did not research the motion state of rigid axisymmetric bodies under different initial inclination angles. Wu [20] analyzed the hydrodynamic force of a vehicle during vertical water-entry process based on the velocity potential theory but did not investigate the difference of the motion state of the vehicle entering water under different initial inclination angle and velocity. Zhao et al. [21] performed oblique water-entry experiments to analyze the evolution of cavity and velocity with 100-mm-long projectiles but did not comprehensively analyze the influence of initial motion state of cylindrical projectiles on the water-entry motion. Tassin [22] investigated the two-dimensional water-entry and -exit of a body whose shape varied in time in a prescribed way through analytical and numerical modeling but did not analyze the change of body’s attitude angle during trans-media movement process, so they were unable to make effective analysis on the motion state change of the body during the process of trans-media motion. Ma [23] simulated water-entry and -exit processes of slender vehicles, obtained the displacement and pitch angle of slender vehicles and investigated the influence of angular velocity on underwater trajectory, but did not comprehensively fit the function expression of the influence of various initial motion parameters on the motion of slender vehicles across the water–air interface. Huang [24] used the overlapping grid technology of computational fluid dynamics to simulate the entry process of the lifeboat and analyzed the influence of the inclination angle on the entry process of the lifeboat but did not carry out a complete analysis of the stability of the lifeboat’s entry motion. Previous studies analyzed the outflow or inflow field of the submersible aerial vehicle but could not conduct research on the impact of different launch conditions on the vehicle’s motion, nor could they conduct stability analysis of the vehicle’s motion. Moreover, it was not possible to predict and analyze the motion of submersible aerial vehicles under different initial conditions.



This paper develops the investigation of the effects of various launch states and interference factors on the vehicle’s water trajectory based on the existing studies. The water-exit movement of submersible aerial vehicle across the air water interface under the conditions of different initial inclination angles and velocities were calculated by numerical simulations. The solution of the inclination angle and velocity of any set of launch modes of the submarine aerial vehicle could be solved and the stability analysis of the submarine aerial vehicle’s water-exit process could be achieved by establishing a fitting function model for the inclination angle and velocity of the submarine aerial vehicle at the end of the water-exit process. Compared with previous studies, this study achieved clear capture of the free liquid surface and the stability of submersible aerial vehicle motion across the water–air interface, based on the established fitting model, was analyzed; accurate prediction of the submarine aerial vehicle’s water-exit movement was achieved. Section 2 introduces the geometric model of the submersible aerial vehicle and the calculated conditions. Section 3 describes the numerical methods of the three-dimensional incompressible Navier–Stokes (RANS) equation, VOF method, six degrees of freedom motion model and calculated boundary conditions. In Section 4, the simulation results are compared to the experimental data of the process of a rotating body entering water with a good agreement, which demonstrates the validity and accuracy of our numerical model. The centroid displacement, attitude angle and axial velocity of the submersible aerial vehicle in the process of flying out of the water surface under the conditions of different initial inclination angles and velocities are presented and the optimization identification and prediction of the submersible aerial vehicle’s motion across the water–air interface, based on the response surface function model of submersible aerial vehicle motion stability, are carried out in Section 5. Lastly, a summary of this study and some conclusions from the results are provided in Section 6. This study provides guidance for launch technology and guides the design of safe water-exit schemes for submarine aerial vehicles. The research also provides reference for the design of submarine aerial vehicles.




2. Computational Model


In this study, the diameter of the submersible aerial vehicle is D, the length is 8.571D, the material density is 1104.16 kg/m3 and the distance between the mass center of the submersible aerial vehicle and the vertex of the head is 4.37D.



To study the influence of launch conditions, 9 groups of calculation conditions were set up, as shown in Table 1. The effects of initial inclination angle and water-exit velocity on the water-exit motion characteristics of submersible aerial vehicles were studied. Under the existing conditions of submersible aerial vehicle size and positive buoyancy, when the submersible aerial vehicle flies out of the water, the velocity is between 13 m/s and 18 m/s and the inclination angle is between 0° and 10°. The wave level of 9 cases is level 5 and the initial angular velocity is 5°/s.




3. Numerical Method


3.1. Free Surface Model


Based on the fractional average volume obstacle representation (FAVOR), a three-dimensional incompressible Navier–Stokes equation, in Cartesian coordinates, is established:


      ∂ u   ∂ t   + u   ∂ u   ∂ x   + v   ∂ u   ∂ y   + w   ∂ u   ∂ z   =  f x  −  1 ρ    ∂ p   ∂ x   + υ (    ∂ 2  u   ∂  x 2    +    ∂ 2  u   ∂  y 2    +    ∂ 2  u   ∂  z 2    )       ∂ v   ∂ t   + u   ∂ v   ∂ x   + v   ∂ v   ∂ y   + w   ∂ v   ∂ z   =  f y  −  1 ρ    ∂ p   ∂ y   + υ (    ∂ 2  v   ∂  x 2    +    ∂ 2  v   ∂  y 2    +    ∂ 2  v   ∂  z 2    )       ∂ w   ∂ t   + u   ∂ w   ∂ x   + v   ∂ w   ∂ y   + w   ∂ w   ∂ z   =  f z  −  1 ρ    ∂ p   ∂ z   + υ (    ∂ 2  w   ∂  x 2    +    ∂ 2  w   ∂  y 2    +    ∂ 2  w   ∂  z 2    )    



(1)




where ρ is the fluid density, p denotes pressure, u, v and w are the velocity components in x, y and z directions and ν is the kinematic viscosity.



Compared to the standard k-ε model, the RNG k-ε turbulence model [25,26] is more suitable to describe the flow within a strong shear region. Therefore, the RNG k-ε turbulent model was adopted in this paper to calculate the turbulent viscous drag for the Navier–Stokes equation. The equations for the turbulent kinetic energy k and the turbulence dissipation rate ε are given below:


   ∂  ∂  x i    ( k  u i  )  =   ∂  ρ ∂  x j     [ (  μ +    μ T     σ k    )   ∂ k   ∂  x j    ]  −  ε +    S k   ρ   



(2)






   ∂  ∂  x i    ( ε  u i  )  =   ∂  ρ ∂  x j     [ (  μ +    μ T     σ k    )   ∂ ε   ∂  x j    ] +  1 ρ   C  1 ε    ε k   P k  -  C  2 ε  ∗     ε 2   k  +  S ε     



(3)




where    μ T  = ρ  C μ     k 2   ε   ,    C  2 ε  ∗  =  C  2 ε   +    C μ   η 3  ( 1 −  η   η 0    )   1 + β  η 3     ,   η =   S k  ε   , S is the modulus of the mean rate of strain tensor,   S =   2  S  i j    S  i j      ,    C μ  = 0.09  ,    C  1 ε   = 1.42   and    C  2 ε   = 1.68  .




3.2. VOF Method


In a moving medium with velocity field V = (u, v, w), the fluid volume function equation is


    ∂ C   ∂ t   + ∇ · ( V C )  = 0   



(4)




where C is the volume fraction of water and V is the velocity of the gas–liquid mixture.



VOF model realizes the phase-to-phase interface tracking by solving the continuous equation of water and air volume fraction [27].



For phase q, the basic governing equation of the fluid is as follows:


   1   ρ q    [  ∂  ∂ t   (  a q   ρ q  ) + ∇ · (  a q   ρ q     v q   →  ) ] =  S   a q    +   ∑  p = 1  n   (  m  p q   −  m  q p   )    



(5)







In the equation, ρq is the density of the q-phase fluid; aq is the volume fraction of the q-phase fluid in the unit volume;      v q   →    is the velocity of the q-phase fluid; mqp represents the mass transmission of the q-th phase to the p-th phase; mpq represents the mass transmission of the p-th phase to the q-th phase and    S   a q      represents the source item.




3.3. Six Degrees of Freedom Motion Model


The nonlinear attitude kinematics and dynamics model of the submersible aerial vehicle in the water-exit process was established. Figure 1 defines the body coordinate system O1x1y1z1 and the ground coordinate system O0x0y0z0.



In Figure 1, O1 is the barycenter, c is the center of buoyancy, G is gravity and N denotes the buoyancy. The coordinate transform matrix from O0x0y0z0 to O1x1y1z1 is given by


   B G  =  [      cos φ cos ψ     sin φ cos ψ     − sin ψ       cos φ sin ψ sin γ − sin φ cos γ     sin φ sin ψ sin γ + cos φ cos γ     cos ψ sin γ       cos φ sin ψ cos γ + sin φ sin γ     sin φ sin ψ cos γ − cos φ sin γ     cos ψ cos γ      ]   



(6)




where φ, ψ and γ represent the pitch angle, yaw angle and roll angle for the submersible aerial vehicle. The momentum Q and moment of momentum K of the submersible aerial vehicle are described as follows:


    Q = m ( V + w ×  r c  )     K =  J 0  w +  r c  × m V    



(7)







Here, m is the mass of the submersible aerial vehicle and rc = [xc yc zc]T is the position vector of buoyancy in the body coordinate system. J0 = diag([Jx Jy Jz]) represents the rotational inertia matrix. By using the momentum theorem and the moment of momentum theorem, the dynamics model of the submersible aerial vehicle is described as


   {      d Q   d t   + w × Q =  R c        d K   d t   + w × K + V × Q =  M c       



(8)




where Q is the linear momentum of rigid body, K is the angular momentum of rigid body, w is the angular velocity of rigid body, V is the linear velocity and Rc and Mc, respectively, denote the resultant force and moment of all external forces acting on the vehicle.




3.4. Polynomial Response Surface Model


The polynomial response surface model uses a polynomial to fit the design space, takes an algebraic polynomial as the basis function, uses the least squares method to calculate the coefficients of algebraic polynomial and then constructs the response surface model. The basic form of polynomial response surface model is shown in Equation (10):


   y ∼  =  β 0  +   ∑  i = 1    n s      β i   x i    +   ∑  i = 1    n s      β   n s  + i    x i    2    +   ∑  i = 1    n s      β  2  n s  + i    x i    3    + ⋯ +   ∑  i ≠ j    n s      β  i j    x i   x j     



(9)




where    y ∼    is an approximation of the response and    β 0  ,  β i  ,  β   n s  + i   ,  β  2  n s  + i   … ,  β  i j     are the parameters to be determined. Together, they form the polynomial parameter vector β. For β, the least squares method is used to solve:


  β =    [   X T  X  ]    − 1    X T  Y  



(10)







Here, X is the vector formed by the x value of each sample point and Y is the vector formed by the y value of each sample point.




3.5. Boundary Conditions


The calculation domain is 9 m long, 7 m wide and 19.8 m high. The height of the liquid level from the bottom of the grid area is 9.5 m. Structured orthogonal grid cells are used to calculate the flow field. The calculation model uses nested grids containing a combination of two grid blocks. Grid block 1 includes the missile and its surrounding fluid area, which is 3.6 m long, 2.5 m wide and 17.7 m high. The length of the grid size is 0.04 m and the number of grids is 2.512 million. The scope of grid block 2 occupies the overall calculation area. The length of the grid size is 0.1 m and the number of grids is 1.25 million. The wave height of level 5 wave is 2.5 m, the period is 2.5 s and the wavelength is 14 m. The boundary condition of the overall calculation area is set as shown in Figure 2.





4. Simulation Model Validation


According to the above free surface model, the water-entry process of a rotating body was numerically simulated and the numerical results were compared with experiments [28] to verify the accuracy and effectiveness of the numerical method. The shape of the water-entry object is shown in Figure 3. The diameter of the rotating body was D0 = 9 mm, the length of the column section was L = 40 mm and the head was θ = 140° taper head type. The experimental model was made of ordinary steel with density ρ = 7.85 g/cm3. The initial inclination of the rotating body was 55° and the initial water-entry velocity was 4.35 m/s. The velocity direction of the rotating body was along the axis of the rotating body. Figure 4 shows the comparison between the experimental image and the simulation image of the inclined water-entry process of the rotating body. Figure 5 shows the comparison of the velocity of mass center and inclination angle.




5. Results and Discussion


To investigate the influence of initial inclination angle and launching velocity on the motion characteristics of the submersible aerial vehicle, we simulated the cross-medium water-exit process of submersible aerial vehicles under the conditions of different velocities and inclination angles. Images of a missile’s water-exit motion for the 9 cases considered are shown in Figure 6. With the movement of the missile, the missile head emerges from the water and the missile body crosses the water–air medium into the air. The wave beats the missile, causing disturbance to the missile’s water-exit process. The missile speed decreases, the free surface gradually breaks and, finally, the missile flies out of the water completely.



5.1. Influence of Initial Inclination Angle


Figure 7, Figure 8 and Figure 9 show the comparison of mass center displacement of submersible aerial vehicles under three different inclination angles. Table 2 shows the centroid coordinates of the vehicle. Due to the influence of waves on the process of submersible aerial vehicle water-exit—the load fluctuation caused by cross-medium—the submersible aerial vehicle vibrates slightly in the X and Y directions. Under the condition of the same velocity and wave level at the time of flying out of the water, the displacement of the submersible aerial vehicle with an inclination angle of 10° is greater than that of 5° in the X direction and the displacement of the submersible aerial vehicle with an inclination angle of 5° is greater than that of 0° in the X direction. The displacements of submersible aerial vehicles in the Y direction are very small (<0.018 m) and the displacements in the Z direction are similar under the conditions of inclination angles of 10°, 5° and 0°.



Figure 10, Figure 11 and Figure 12 show the axial velocity variation of submersible aerial vehicles. During the whole moving process, the axial velocity decreases gradually and the missile finally flies out of the water and into the air trajectory. Under the condition of the same velocity and wave level at the time of flying out of the water, the variation trend of axial velocity of submersible aerial vehicles under the conditions of inclination angles of 10°, 5° and 0° is similar.



Figure 13, Figure 14 and Figure 15 show the attitude angle of submersible aerial vehicles during the process of submersible aerial vehicles flying out of the water. The pitch angles of the vehicle under various cases are shown in Table 3. The pitch angle at the time when the vehicle exits the water with an initial inclination of 10° is greater than the pitch angle with an initial inclination of 5° and the pitch angle at the time when the vehicle exits the water with an initial inclination of 5° is greater than the pitch angle with an initial inclination of 0°. As such, the inclination angle of 0° is more favorable to the vehicle’s water-exit process than 5° and the inclination angle of 5° is more favorable to the vehicle’s water-exit process than 10°.



According to Figure 16 and Figure 17, we can find that the underwater streamline moves to the right, the wave force on the vehicle moves to the right and the vehicle deflects to the right, leaving the water surface under the action of the wave. The flow velocity at the wave crest is the largest in the flow field distribution. During the motion of the vehicle in the water, vortices form at the tail of the vehicle, which makes the flow field near the vehicle change dramatically. The streamline velocity at the tail of the vehicle is greater than that of the surrounding flow field.




5.2. Influence of Water-Exit Velocity on Submersible Aerial Vehicle’s Trans-Medium Motion


Figure 14, Figure 15 and Figure 16 show the comparison of mass center displacement of submersible aerial vehicle under three different velocities of water-exit. We can find that the displacement of the submersible aerial vehicle in X direction with a velocity of 13 m/s is greater than that of 15 m/s and the displacement of the submersible aerial vehicle in X direction with a velocity of 15 m/s is greater than that of 18 m/s, under the condition of the same inclination angle and wave level at the time of flying out of the water. In order to make a careful comparison, the vehicle centroid X-axis coordinates at the end of the water-exit process of 9 cases, with respect to the different initial inclination angle x1 and water-exit velocity x2, are shown in Figure 17. The displacements of submersible aerial vehicles in the Y direction are very small. The displacement of submersible aerial vehicles with initial velocities of 13 m/s, 15 m/s and 18 m/s are similar in Z direction.



The axial velocity of submersible aerial vehicle decreases gradually in the process of flying out of water, as shown in Figure 18 Under the condition of the same inclination angle and wave level at the time of flying out of the water, when the initial velocity is 13 m/s, the submersible aerial vehicle flies out of the water at about 0.93 s. When the initial velocity is 15 m/s, the vehicle flies out of the water at about 0.68 s. When the initial velocity is 18 m/s, the submersible aerial vehicle flies out of the water at about 0.55 s.



Figure 19 show the attitude angle of submersible aerial vehicle during the process of submersible aerial vehicles flying out of the water; the pitch angle of submersible aerial vehicles changes more at 13 m/s than at 15 m/s and the pitch angle of submersible aerial vehicles changes more at 15 m/s than at 18 m/s. As such, the water outlet velocity of 18 m/s is more favorable to the vehicle’s water-exit process than 15 m/s and the water outlet velocity of 15 m/s is more favorable to the vehicle’s water-exit process than 13 m/s. Thus, at the same initial inclination angle, the larger the initial velocity, the smaller the displacement and attitude angle changes of the submarine-launched vehicle [29].



According to the streamlines of submersible aerial vehicles flying out of the water shown in Figure 20 and Figure 21 the direction of the streamlines points to the right. A vortex exists in the rear flow field of the vehicle. The smaller the initial velocity, the longer the vehicle will fly out of the water. The size of the vortex near the tail of the vehicle with larger initial velocity is larger and the corresponding velocity of the vortex is also larger.




5.3. Submersible Aerial Vehicle’s Trans-Medium Motion Stability Analysis


It is necessary to analyze the stability of submarine aerial vehicles [30] in water-exit movement. The pitch angle plays an important role in the stability of a submersible aerial vehicle’s trans-medium motion. The trans-medium motion stability fitting function model of a submersible aerial vehicle is established based on the response surface model using the simulation data. Equation (11) represents the expression of the relationship between the pitch angle θ and both the inclination angle x1 and the water-exit velocity x2, when the wave-exit position is at the wave crest and the reference inclination angle is θ0 = 5°, as shown in Figure 22.


  θ /  θ 0  = 33  . 17  + 0  . 6719   x 1  − 3  . 653   x 2  − 0.01008  x 1 2  + 0.1078  x 2 2  − 0.02122  x 1   x 2   



(11)







Equation (12) shows the fitting function relationship of the submersible aerial vehicle velocity v at the end of the water-exit process with respect to the different initial inclination angle x1 and water-exit velocity x2 and the reference velocity is v0 = 15 m/s, as shown in Figure 23.


  v /  v 0  =  - 1   . 732  + 0  . 001251   x 1   + 0   . 2203   x 2   + 0   . 0001425   x 1 2   - 0   . 004436   x 2 2   - 0   . 00008347   x 1   x 2   



(12)







After establishing the response surface function model, given any group of inclination angle and velocity, the pitch angle of submersible aerial vehicles at the end of the water-exit process can be obtained. Next, the fitting function relationship established above is verified. When the initial inclination angle x1 is 8° and the initial velocity x2 is 14 m/s, using Equations (11) and (12) and relying on the established fitting function relationship, the predicted pitch angle and velocity are 27.56°and 7.39 m/s. The simulation calculation results are 27.27° for the pitch angle and 7.6 m/s for the velocity. The errors are less than 2.7%, so the correctness of the established fitting function relationship is verified.



At the same initial velocity of launch, the greater the initial inclination angle, the smaller the velocity at the end of submersible aerial vehicle’s water-exit process. Compared with the initial inclination angles of 0° and 5°, when the initial inclination angle is 10° and the water-exit velocity is 10.8 m/s, the velocity of the vehicle under the level 5 wave decreases to 0 at the end of the water-exit process, relying on the simulation analysis of submersible aerial vehicle water-exit movement. Therefore, the water-exit velocity of submersible aerial vehicles should be greater than 10.8 m/s to achieve successful launch. When the water-exit velocity of the vehicle is above 10.8 m/s, the smaller the initial inclination angle, the more favorable it is for the vehicle launch water-exit process. If the initial inclination angle is too large, the vehicle inclination angle may be too large at the end of the water-exit process and the launch will be unstable.





6. Conclusions


This paper establishes a multiphase coupling model for the motion across water–air media of submersible aerial vehicles to study the effects of various launch conditions and interference factors on the vehicle’s water-exit motion. The water-exit process under the conditions of different initial inclination angles and different velocities were simulated. The following conclusions can be derived through comparative analyses of 9 cases. Based on the comparison of the displacement, axial velocity, inclination angle change process and streamline diagram, the smaller the initial inclination angle, the more favorable the submarine-launched vehicle will be to the water-exit process. The initial inclination angle of 0° is the optimal initial angle for launching. In the limit range of the existing positive buoyancy, the optimal water-exit velocity of the submarine-launched vehicle is 18 m/s. Based on the established motion stability response function of the submersible aerial vehicle in the water-exit process, the pitch angle and velocity of the submersible aerial vehicle at the end of the water-exit process corresponding to any group of inclination angle and velocity can be solved, which can provide reference for the evaluation of submersible aerial vehicle launch safety. To achieve successful launch, the water-exit velocity of submersible aerial vehicles should be greater than 10.8 m/s. In the future, analysis can also be conducted on the influence of the initial inclination angle and velocity on the inclination angle and velocity of submarine aerial vehicles under different sea conditions when exiting the water. The water-exit movement stability of submarine aerial vehicles with different shapes can also be analyzed.
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Figure 1. Definition of two coordinate systems of the water-exit process. 
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Figure 2. Boundary condition type. 
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Figure 3. Water-entry object. 






Figure 3. Water-entry object.
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Figure 4. Calculated results of velocity magnitude and high-speed photographs from experiments. 
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Figure 5. Comparison of the velocity of mass center and inclination angle. (a) Velocity of mass center. (b) Angle of inclination. 
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Figure 6. Image of vehicle flying out of water. 
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Figure 7. Centroid coordinates of vehicle in case 1, 2, 3. (a) Vehicle centroid X-axis coordinates. (b) Vehicle centroid Y-axis coordinates. (c) Vehicle centroid Z-axis coordinates. 
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Figure 8. Centroid coordinates of vehicle in case 4, 5, 6. (a) Vehicle centroid X-axis coordinates. (b) Vehicle centroid Y-axis coordinates. (c) Vehicle centroid Z-axis coordinates. 
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Figure 9. Centroid coordinates of vehicle in case 7, 8, 9. (a) Vehicle centroid X-axis coordinates. (b) Vehicle centroid Y-axis coordinates. (c) Vehicle centroid Z-axis coordinates. 
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Figure 10. Images of axial velocity variation of vehicle under different initial angles. (a) Axial velocity of vehicle in case 1, 2, 3. (b) Axial velocity of vehicle in case 4, 5, 6. (c) Axial velocity of vehicle in case 7, 8, 9. 
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Figure 11. Images of pitch angle variation of vehicle under different initial angles. (a) Pitch angle of vehicle in case 1, 2, 3. (b) Pitch angle of vehicle in case 4, 5, 6. (c) Pitch angle of vehicle in case 7, 8, 9. 
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Figure 12. Streamline diagram of vehicle flying out of water in case 2. 
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Figure 13. Streamline diagram of vehicle flying out of water in case 3. 
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Figure 14. Centroid coordinates of vehicle in case 1, 4, 7. (a) Vehicle centroid X-axis coordinates. (b) Vehicle centroid Y-axis coordinates. (c) Vehicle centroid Z-axis coordinates. 
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Figure 15. Centroid coordinates of vehicle in case 2, 5, 8. (a) Vehicle centroid X-axis coordinates. (b) Vehicle centroid Y-axis coordinates. (c) Vehicle centroid Z-axis coordinates. 
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Figure 16. Centroid coordinates of vehicle in case 3, 6, 9. (a) Vehicle centroid X-axis coordinates. (b) Vehicle centroid Y-axis Coordinates. (c) Vehicle centroid Z-axis coordinates. 
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Figure 17. Vehicle centroid X-axis coordinates at the end of the water-exit process of 9 cases. 
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Figure 18. Images of axial velocity variation of vehicles under different initial velocities. (a) Axial velocity of vehicle in case 1, 4, 7. (b) Axial velocity of vehicle in case 2, 5, 8. (c) Axial velocity of vehicle in case 3, 6, 9. 
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Figure 19. Images of pitch angle variation of vehicles under different initial velocities. (a) Pitch angle of vehicle in case 1, 4, 7. (b) Pitch angle of vehicle in case 2, 5, 8. (c) Pitch angle of vehicle in case 3, 6, 9. 






Figure 19. Images of pitch angle variation of vehicles under different initial velocities. (a) Pitch angle of vehicle in case 1, 4, 7. (b) Pitch angle of vehicle in case 2, 5, 8. (c) Pitch angle of vehicle in case 3, 6, 9.
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Figure 20. Streamline diagram of vehicles flying out of water in case 2. 
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Figure 21. Streamline diagram of vehicles flying out of water in case 8. 
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Figure 22. Fitting function image of vehicle pitch angle θ with respect to inclination angle x1 and water-exit velocity x2. 






Figure 22. Fitting function image of vehicle pitch angle θ with respect to inclination angle x1 and water-exit velocity x2.



[image: Jmse 11 00839 g022]







[image: Jmse 11 00839 g023 550] 





Figure 23. Fitting function image of vehicle velocity v with respect to inclination angle x1 and water-exit velocity x2. 
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Table 1. Calculation conditions.
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	Case
	Initial Angle (°)
	Water-Exit Velocity (m/s)





	1
	0
	13



	2
	5
	13



	3
	10
	13



	4
	0
	15



	5
	5
	15



	6
	10
	15



	7
	0
	18



	8
	5
	18



	9
	10
	18
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Table 2. Centroid coordinates of vehicle.
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	Case
	Initial Angle (°)
	Initial Velocity (m/s)
	x (m)
	y (m)
	z (m)





	1
	0
	13
	1.808
	9.1 ×     10   − 5    
	11.707



	2
	5
	13
	3.446
	2.656 ×     10   − 3    
	11.693



	3
	10
	13
	5.174
	−4.5 ×     10   − 4    
	11.654



	4
	0
	15
	1.501
	−1.139 ×     10   − 4    
	11.686



	5
	5
	15
	2.924
	−6.462 ×     10   − 4    
	11.691



	6
	10
	15
	4.148
	1.66 ×     10   − 2    
	11.651



	7
	0
	18
	1.241
	−1.47 ×     10   − 3    
	11.711



	8
	5
	18
	2.522
	−1.31 ×     10   − 3    
	11.688



	9
	10
	18
	3.731
	8.58 ×     10   − 3    
	11.655
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Table 3. Pitch angle of vehicle.






Table 3. Pitch angle of vehicle.





	Case
	Initial Angle (°)
	Initial Velocity (m/s)
	Pitch Angle (°)





	1
	0
	13
	18.551



	2
	5
	13
	27.394



	3
	10
	13
	35.709



	4
	0
	15
	14.439



	5
	5
	15
	21.767



	6
	10
	15
	23.401



	7
	0
	18
	11.118



	8
	5
	18
	17.344



	9
	10
	18
	22.052
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