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Abstract

:

Maneuverability, which is closely related to operational performance and safety, is one of the important hydrodynamic properties of an underwater vehicle (UV), and its accurate prediction is essential for preliminary design. The purpose of this study is to analyze the turning ability of a UV while rising or submerging; the computational fluid dynamics (CFD) method was used to numerically predict the six-DOF self-propelled maneuvers of submarine model BB2, including steady turning maneuvers and space spiral maneuvers. In this study, the overset mesh method was used to deal with multi-body motion, the body force method was used to describe the thrust distribution of the propeller at the model scale, and the numerical prediction also included the dynamic deflection of the control planes, where the command was issued by the autopilot. Then, this study used the published model test results of the tank to verify the effectiveness of the CFD prediction of steady turning maneuvers, and the prediction of space spiral maneuvers was carried out on this basis. The numerical results show that the turning motion has a great influence on the depth and pitch attitude of the submarine, and a “stern heavier” phenomenon occurs to a submarine after steering. The underwater turning of a submarine can not only reduce the speed to brake but also limit the dangerous depth. The conclusion is of certain reference significance for submarine emergency maneuvers.
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1. Introduction


Maneuverability, an important hydrodynamic property of underwater vehicles (UVs), is closely related to the safety and combat capability of UV functions. Conventionally, a UV usually adjusts the control unit by transmitting signals from the control system and changes or maintains the established course according to the requirements of the mission. The signals transmitted to different control units are affected by the maneuverability of UVs. Therefore, the accurate estimation of the maneuver performance of the UV plays a crucial role in the design of the control system and the ability of the UV to achieve the desired trajectory during the tasks. Maneuverability can be studied by means of a numerical technique and test procedures or a combination of the two. The former includes the method based on the hydrodynamic coefficients and self-propulsion model test prediction. The hydrodynamic coefficients are brought into the motion equations to simulate the maneuvers of UVs (Gertler and Hagen [1], 1967; Feldman [2], 1979). It has been widely used as it quickly predicts the ability of the setting coefficients and simulation time in maneuver predictions; however, the coupling effects of various factors in maneuvers are ignored due to several simplifications (Huang [3], 2018). More importantly, the prediction was limited due to the fact this method cannot capture the changes of flow and vorticity in the maneuvers (Bettle [4], 2013); therefore, it can only be used as a tool and method to predict the maneuvering trajectory and attitude of the UV in early research. Hence, this study proposes a numerical prediction method based on a self-propulsion model that involves a body force propeller and the response of an autopilot controller to improve the accuracy of the simulations.



The UV model test was used to verify the simulation prediction results based on coefficients (Itard [5], Issac et al. [6], Jun et al. [7], Toxopeus et al. [8], Quick and Woodyatt [9]); however, this test method generally has limitations due to its cost and the need for specialized equipment and facilities. With the improvement of computational fluid dynamics (CFD) and high-performance computing (HPC) capabilities, CFD numerical simulation based on self-propulsion model tests provides a new direction for maneuverability prediction and research and is well suited as a complement to experimental studies, although validation may require experimental results.



Chase [10] designed a one-DOF (degree of freedom) self-propelled CFD simulation for a full appendage general submarine SUBOFF equipped with a fixed control plane and rotating propeller (Groves [11]). The CFD results are compared with the self-propelled model tank test results to verify that the propulsion performance of the two methods is in good agreement at the speed of 1.75 m/s (thrust coefficient    K T   , torque coefficient    K Q   , propeller efficiency  η ). However, since the model test and numerical simulation of the propeller require significant computational costs, the study was limited to calculating the trajectory velocity and acceleration of the UV at one-DOF only. Meanwhile, Chase suggested that the real propeller model in the numerical simulation of the steering motion could be replaced with a body force propeller model to greatly reduce the computational time and cost. Chase [12] carried out a three-DOF zig-zag maneuver simulation of SUBOFF in the horizontal plane. As there were no test results of free-sailing self-propulsion, he adopted two methods (direct simulation of the propeller and body force to replace the propeller) to compare the accuracy. The results show that the body force method can replace the propeller effect well. At the same time, the research pointed out that the potential of this method and it can be adapted to simulate a rising maneuver.



In an earlier study, the UV maneuver simulations mainly aimed at simple planar motions that were three-DOF motions (Broglia et al. [13]; Dubbioso et al. [14]; Feng et al. [15]; Yasemin et al. [16]). With the enhancement of computing performance and the development of dynamic grid and other technologies, the simulation of UV maneuvers took the ship, propeller and controlling planes into consideration at the same time. Meanwhile, more attention was paid to the attitude of a UV during navigation. The full six degrees of the self-propelled maneuvering motion appendage control algorithm and extensible performance are the basis of the implementation of free navigation maneuvering simulation.



Carrica [17] carried out a series of six-DOF numerical simulations of the general submarine model Joubert BB2 (designed by MARIN) based on self-propulsion and self-sailing tests, including self-propulsion near the surface and at depth, turning circles, vertical and horizontal zigzag maneuvers at depth, and rise to the surface maneuvers with stops by crash-back. The calculation was modeled after the principle of the autopilot in the test model. In all conditions, the autopilot controlled the propeller and control plane and used the vertical command to control pitch and depth and the horizontal command to control the yaw and sway of BB2. The results show that the CFD method can predict the self-propulsion maneuver distinctions well within 5%, and the motion and speed can be predicted under free-sailing conditions well. The study also pointed out that the attitude of the submarine controlled by autopilot is the most difficult part to predict, and the command correlation of the controller in the test is difficult to replicate completely.



Kim [18] explored the ability of the CFD method to predict the six-DOF free-sailing maneuver of a fully appendaged UV based on the commercial software STAR-CCM+ according to research by Bettle [4] and Coe [19]. The study adopted movable control planes and a body force propeller represented by an actuator disk incorporating predetermined propulsion properties. The aft control planes were X-shaped and consisted of four independent planes; the horizontal and vertical motion of the UV was controlled by autopilot using a proportional-differential (PD) controller that has proportional and differential coupling control parameters. The validation of the experimental data provided by Overpelt [20] established the credibility of the CFD free-running simulation results.



A CFD study of a UV is surely more complicated and difficult compared with surface ships due to the increase in the vertical degrees of freedom (pitch and heave). Since vertical control is related to the safe navigation of a UV, its prediction should be important as well. Zhou [21] simulated a submarine’s rising maneuvers in still water and waves and analyzed the feasibility and potential of a submarine’s emergency buoyancy maneuverability in a harsh environment through direct numerical simulation. Wu [22] used the multi-block hybrid grid and removable region method to simulate a UV-forced self-propelled diving maneuver, summarized and analyzed the maneuverability of a UV diving motion qualitatively. Carrica [23] used dynamic grid technology to numerically predict a submarine’s vertical zigzag maneuverability and verified the feasibility of the CFD calculation with experimental results.



This study aimed to comprehensively analyze the turning ability as well as the rising and submergence abilities in the vertical direction. First, the 6-DOF self-propelled turning maneuver of a general submarine is simulated, the movable control planes and a body force propeller for free-sailing are adopted, and the deflections of the control planes are determined, by autopilot, that the settings are based on the test; the results showed that the 6-DOF CFD maneuvering simulation method can predict a vehicle’s speed and maneuvering characteristics well. Then, this study presents the maneuvering performance of the submarine under spiral rising and submergence conditions, and the space turning performance of the submarine is verified as well. The operational performance and safe navigation performance of the submarine are discussed based on the trajectory and attitude of the submarine under two operating conditions.




2. Materials and Methods


2.1. Model and Coordinate


The target underwater vehicle in the present study is the generic submarine Joubert BB2, which is introduced as an international benchmark for submarines. This submarine is in the modern generic SSK-class; it was designed by Professor Joubert [24,25] from DSTO in Australia, and MARIN modified the original geometry later; the geometry is available from MARIN in several solid body formats, as shown by Watt [26]. The full-scale length is 70.2 m, and the appendages include a sail, x-configuration stern control planes and a casing on top. The model scale BB2 geometry with a scale factor (λ) of 18.348 was utilized in the study according to Froude scaling laws, as the model is 3.826 m long. There is a six-bladed stock propeller (MARIN 7371R) attached for propulsion. Table 1 shows the main parameters of the BB2 model, and the entire model (including all appendages) is reported in Figure 1.



Figure 2 shows that the coordinate system applied in this study includes the following two right-handed coordinate systems: the space coordinates system and body-fixed coordinate system, with its origin at the center of gravity on the hull’s centerline. The translational and rotational motions in the body-fixed coordinate system are defined by an inertial reference frame in the space coordinates system. Additionally, the x-axis is positive pointing upstream. The y-axis is positive pointing starboard, and the z-axis is positive pointing downward. In the space coordinates system, the coordinates X, Y and Z are used to express the position of the UV coordinate system. Additionally, the orientation of the body-fixed coordinate system is described by the Euler angles ψ (yaw), ϕ (pitch) and θ (roll) as described by Pan [27].




2.2. Experimental Details


The experiment was carried out by The Australian Defense Science and Technology Group (DSTG) and the Dutch Defense Materiel Organization (DMO) in 2014 to work together on background research (R&D) on the hydrodynamic behavior of submarines (Overpelt, 2015). The free sailing maneuvering tests were conducted in the Seakeeping and Maneuverings Basin (SMB) in June 2014. The tests included roll decay and kinds of maneuvers in the horizontal plane or the vertical plane, but the downloadable data set does not contain all the maneuvers conducted, and only the roll decay at 0 kn, the horizontal zigzag and turning circle and vertical zigzag are available.



The BB2 model is equipped with X-planes, and all of these four rudders can rotate on their own axis; hence, the deflection of four rudders results in a combined horizontal and vertical motion. Figure 3 shows the arrangement and the norm direction of the rotation of the X-planes. Throughout the model tests, the submarine was controlled by an autopilot that kept the submarine on course and at depth. The autopilot commanded effective rudder (   δ r   ) and effective stern plane (   δ s   ) angles, with individual plane angles (based on the right-hand rule with the thumb pointing away from the body) calculated using the following equations. As there are effectively only two autopilots (horizontal and vertical) some formulas were used to arrive at four individual plane angles:


     δ s  =  1 4  ( −  δ 1  +  δ 2  −  δ 3  +  δ 4  )      δ r  =  1 4  (  δ 1  +  δ 2  +  δ 3  +  δ 4  )      δ 1  =  δ r  −  δ s       δ 2  =  δ r  +  δ s       δ 3  =  δ r  −  δ s       δ 4  =  δ r  +  δ s     



(1)




where



(1)    δ s  > 0  , diving rudder, model goes diving and pitch down;    δ s  < 0  , rising rudder, model goes floating and pitch up.



(2)    δ r  > 0  , starboard rudder, model turns starboard;    δ r  < 0  , port rudder, model turns port.



(3) The maximum steering angle for each of the control surfaces is 30 degrees, and the planes go to their commanded angle with their maximum plane velocity of 7.11 deg/s at full scale.



The attitude control of the model was based on the principle of horizontal and vertical autopilot. A PD (proportional derivative) controller was used to adjust the translation and rotation of the model according to its characteristics during sailing. In practice, for large depth deviation, the translation part was temporarily ignored to prevent the excessive pitch of the model, and the pitch value of vertical motion commands by the PD controller was set to zero degrees.



The parameters of the autopilot used in the control simulation can be obtained according to the scale of the model by a factor of 18.348 (see in Table 2), and the equations for the preset plane angles can be obtained as follows (Kim et al., 2018):


     δ s  ( t ) =  P z  e ( t ) +  D z    d e ( t )   d t   +  P θ  e ( t ) +  D θ    d e ( t )   d t        δ r  ( t ) =  P y  e ( t ) +  D y    d e ( t )   d t   +  P φ  e ( t ) +  D φ    d e ( t )   d t      



(2)







Additionally, input offset error can be calculated as follows:


    e ( t ) =  e  d e s i r e   −  e  c u r r e n t         d e ( t )   d t   =   e   ( t )   c u r r e n t   − e   ( t )   p r e v i o u s      t  c u r r e n t   −  t  p r e v i o u s        



(3)




where



the subscript “desire” represents the default value of the parameter, the subscript “current” represents the actual value of the parameter, and the subscript “previous” represents the value of the previous time step of the parameter.



For the simulation in this study, it was necessary to control each stern rudder through the steering rate; therefore, the steering rate was set to associate with the planes angle as follows:


  r u d d e r a n g l e r a t e [ deg / s ] =    δ  d e s i r e   −  δ  c u r r e n t     Δ t   ,  



(4)




where



   δ  d e s i r e     is the preset plane angles based on the PD controller,    δ  c u r r e n t     is the current plane angles, and   Δ t   is the time step.



In this study, the straight-line case was chosen and the vehicle speed was 1.2 m/s (10 kn for full scale) (equivalent to a Reynolds number of   5.2 ×   10  6   ), and the results of the CFD and EFD of the steady turning maneuvers (20 deg to port and starboard) were compared to verify the feasibility and accuracy of the CFD method. In every CFD case, movable control planes in conjunction with a body force propeller using an actuator disk were adopted, and the sailplanes kept no deflection in all CFD maneuvers.




2.3. CFD Method


In this study, the commercial CFD software STAR-CCM+, based on incompressible RANS (the Reynolds averaged Navier–Stokes) simulations, was used to model the flow around the UV and the following RANS equations:


    ∂   u ¯  i    ∂ t   +   u ¯  j    ∂   u ¯  i    ∂  x j    =  f i  −  1 ρ    ∂  p ¯    ∂  x i    +  1 ρ   ∂  ∂  x j    ( μ   ∂   u ¯  j    ∂  x j    − ρ    u i ′   u j ′   ¯  ) ,  



(5)






    ∂   u ¯  i    ∂  x i    = 0 ,  



(6)




where     u ¯  i    is the averaged velocity components in the Cartesian coordinates at the meantime, subscript  i  is the direction in Cartesian coordinates,   p ¯   is the time-averaged pressure,  μ  is the viscous coefficient,   ρ    u i ′   u j ′   ¯    are the Reynolds stresses, and    f i    is the force source term at which a momentum source can be added to simulate flow field. To allow the closure of the time-averaged Navier–Stokes equations, the Reynolds stresses were estimated using various turbulence models. Here, the SST k-ω high Reynolds turbulence model was chosen because of its accuracy and the reliability of the viscous flow around the wall and far-field.



STAR CCM+ is software based on the finite volume method, in which the discretization of the governing equation is carried out on a series of control volumes constituting the computational domain. In this study, the separation flow calculation model was used to separate the velocity term from the pressure term, and the SIMPLE algorithm of prediction–correction was used to solve the flow field. For temporal discretization, the transient term was separated by the second order. The convection term was discretized by the second order upwind, the diffusion term by the central difference scheme, and the gradient using the mixed Gaussian least square method.



2.3.1. Gird


For the direct free sailing maneuvers simulation of UV, the relative motion of each appendage is an inevitable difficulty. For the complex movement of the ship maneuvering system, the rudder planes provide steering force to the hull because of their deflection, and the propeller provides thrust pushing hull sailing due to its rotation. In the meantime, the planes and the propeller move together with the ship’s six degrees of freedom. Overset gird can generate meshes of different regions independently and can deal with the relative movement of multiple bodies very flexibly. In the design process, if it is necessary to modify the grid details or add or subtract or replace parts, the overset grid can reduce its difficulty and, for the free sailing of UVs, it has significant advantages; therefore, in this study, the overset grid was adopted to deal with the rudder rotation.



Figure 4 shows the background and the overset regions of the self-propulsion model, with the local refinement on the hull body, appendages and wake region. The wall function was used for the near-wall treatment, and the all-wall y+ wall treatment was carried out for the simulations. The wall spacing was designed to satisfy the condition that the distance to the wall of the first point lies within y+ = 1 for the designed speed, as required by the SST k-ω turbulence mode (Kim et al., 2015; Huang et al., 2017).



To ensure the accuracy and quality of interpolation, the mesh size should be kept as consistent as possible around overset grids; if it is not, interpolation may be impossible to achieve. Figure 5 shows the background grid encrypted at the rudder plane’s rotation regions; the size of the overset region is the same as that of encryption region.



We noticed that there should be a gap between the rudder planes and the hull body to ensure the deflection of the planes. The gap between the planes and the adjacent surface on the hull was around 1 mm in the physical model. However, the overset interface requires at least three to five layers in the gap (CD-adapco [28], 2021); therefore, the gaps were encrypted to ensure that it had enough mesh.



To ensure the convergence of the computational grid, the mesh was encrypted according to the fineness ratio in the ITTC recommendation rules, that is, the mesh was encrypted in three directions by    r G  =  2   , while other parameters remained unchanged (Stern [29]; Zhang [30]). A series of grid levels from coarse to fine are shown in Table 3; the drag force in each case of the towing test is also exhibited.



The differences of drag forces calculated by medium–fine and coarse–medium is represented by    ε  d r a g    , then:


   ε  d r a g 1   =  F  m e d i u m   −  F  f i n e   ,  



(7)






   ε  d r a g 2   =  F  c o a r s e   −  F  m e d i u m   ,  



(8)







The changes of    ε  d r a g     are used to define the convergence ratio    R  d r a g    :


   R  d r a g   =    ε  d r a g 1    /   ε  d r a g 2     ,  



(9)







The result of the convergence ratio    R  d r a g   = 0.23  , which is in the range of   0 <  R  d r a g   < 1  . Therefore, the three sets of gird levels are monotonically convergent. For comprehensive consideration, the medium grid configuration (6.58 M cells) was adopted for the self-propulsion simulations in subsequent studies.




2.3.2. Body Force Propeller Model


Normally, viscous numerical methods, such as RANS CFD, detached eddy simulation, and large eddy simulation, have the most potential to capture viscous effects accurately around the propeller. However, when these methods are carried out, the propeller time scale is smaller than the ship time scale, which results in even more costly solutions because the ship must be analyzed with the propeller time scale as Bradford’s [31] work. In other words, using the CFD method to simulate the real propeller directly requires a significant amount of time and computing resources; under the circumstances, the body force approach came up (Oda [32]) and was quickly applied to study the disturbance between the propeller and ship body (Kawamura and Miyata [33]; Nakatake [34]; Stern [35]). In research on underwater vehicles, this method has been widely used according to its eligibility in a study on the ship propeller issue (Phillips [36]; Broglie [37]). Recently, UV’s free-sailing and self-propulsion study has adopted it as well (Dubbioso [38]; Sezen [39]; Li [40]). Therefore, in this study, an actuator disk to model the force of the propeller was used to analyze the turning motion ability of a self-propelled submarine. For an overview of the state of the art, the interested reader can be referred to the review conducted in previous work (Huang [3]; Han [41]).



The force source model was used to simulate the influence that the propeller inflicts on the flow, and the body force adopted in this study was uniformly distributed along the axis direction. The propeller used in the simulation was the MARIN 7371R propeller. To obtain the same effect as the real propeller, the characteristics of the propeller should be added into the code. The body force depends on the thrust coefficient    K t    and torque coefficient    K q   , which can be obtained from the open-water test, and these two coefficients are related to the advance coefficient ( J ):


  J =  V /  n D   ,  



(10)




where  V  is the fluid velocity at the propeller location,  n  is the rotation velocity of the propeller, and  D  is the diameter of the propeller dish. The open-water curves were obtained from the experimental results in a study conducted by Kim [18], as shown in Figure 6. Illustratively, propeller performance properties were obtained under captive self-propulsion condition, and the advance coefficients ( J ) were computed based on the average velocities measured at a plane placed 0.136 m in front of the propeller origin; therefore, the propeller coefficients included the wake field influenced by the submarine body and the controller planes, and there was no need to calculate the wake fraction additionally.






3. Results and Discussion


All the working conditions of the simulation were set at the same scale as those used in the tank tests, including the hull body, control planes and sail, to ensure that the model and real submarine had similar Froude numbers. Additionally, all the maneuver parameters should be in accordance with certain proportion scaling; the results are shown in Table 4. Pay attention to the fact the test was conducted in fresh water; all the results, ultimately, need to be converted to sea water density.



To ensure the validation, the simulation results need to be translated into a real scale. The results and discussion are divided into two parts, including steady turning maneuvers in deep water and space spiral maneuvers. In the end, this study analyzed the maneuverability and the safety performance comprehensively.



3.1. Straight-Line Maneuver


The turning motion is the most common form of underwater vehicle navigation and is closely related to safety ability. The self-propelled model test is one of the most suitable ways to evaluate the availability and space required for turning maneuvers; it can be the precondition to obtaining the credible results of the six-DOF simulations. The maneuvering simulations usually start from the state of self-propulsion and keep a constant propeller rotation speed after reaching a situation when the propeller thrust is equal to the hull resistance.



In this part, the six-DOF free maneuvering motion of the submarine model in straight-line navigation was carried out based on the numerical simulation results of the early towing tank test. The effects of the propeller are described by the body force model to achieve the thrust and torque on the submarine, and finally, the model reached the target speed of 1.2 m/s, equivalent to about 10 knots in the real-scale submarine. In the process of straight-line sailing, the course is maintained through the autopilot system, and the depth and pitch are kept by vertical control commands; the commands in this study were 0. A noteworthy point is that the experimental data employed for validation used stern and sailplanes for vertical control, while the CFD simulations only used stern planes for vertical control because of the limited availability of experimental data. We speculate that the experimental data were still deemed to be acceptable for the validation of the CFD prediction because both the sail and stern planes are mainly used to maintain the vertical position for a straight-line course, and one of their effects may be enough. The results show that the vertical (pitching angle) control is very good. The results of CFD simulations and tests are shown in Table 5.



Figure 7 shows the vortex structure diagram of the submarine model. The wake area of the propeller is shown as a circle, which is also the part where the vortex structure of the body force model is different from that of the discrete propeller. Meanwhile, the horseshoe vortices caused by the shell, tip vortex and hub vortex can be seen in the figure as well.




3.2. Steady Turning Maneuver


Steady turning maneuvers include turning to the portside and the starboard side on the horizontal plane at a rudder angle of ±20 deg. The submarine model starts direct flight at a target speed of 1.2 m/s (10 kn for full scale). When it reaches this, it keeps the propeller speed constant and sets the turning rudder angle to ±20 deg. After that, the submarine model starts to turn. The heave and pitch of the submarine model are controlled by the autopilot, which noticed that the shell planes maintain 0 deg in the whole process. The related data and icons are converted into real-scale data through scale ratio and compared with the results of the tank test.



Table 6 shows the difference between the test and CFD turning motion parameter results, and the results are dimensionless according to the requirements of ITTC [42]. Figure 8 shows the comparison of the left and right rudder trajectories predicted by CFD with the test results and Carrica’s results shown in the graph as well. The comparison only includes the tactical diameter and longitudinal distance in the test and CFD prediction, since the test did not perform a complete turning operation. The results show that the trajectory obtained by the CFD numerical prediction is in good agreement with the test results. While the error between the 180° turning time of the left turn is 10.19%, the other turning motion parameters can be within 10%. The CFD simulation in this study can better predict the free sailing maneuver characteristics of the submarine and provides an effective pre-evaluation method for evaluating the maneuverability of the submarine.



Turning diameter: diameters of the circular arc traveled by the CG at a vehicle’s heading angle of 180°.



Transfer: perpendicular distance traveled by the CG at a vehicle’s heading angle of 90°.



Tactical diameter: perpendicular distance traveled by the CG at a vehicle’s heading angle of 180°.



Advance: distance traveled by the center of gravity (CG) in a direction parallel to the original course at a vehicle’s heading angle of 90°.



Figure 9 shows the time history curve of the pitch angle and roll angle. The results show that the submarine presents a slightly bow-down posture during the straight-line sailing. During the turning maneuver’s progress, the submarine is affected by the hydrodynamic force and affected by a bow-up moment, and the steady-turning submarine reaches and finally maintains a stable bow-up angle. This may be due to the external force generated by the control plane surfaces, resulting in a downward force around the tail of the submarine (Leong et al., 2016 [43]). The prediction results also reflect that the results of the left and right rudder rotation pitch angles predicted by CFD are about 0.7 deg greater than the test results, but because the CFD results are more inclined to the bow during the straight flight stage, the test results are based on the net change in the pitch angle, which shows good agreement with the CFD forecast results. In the process of the turning motion, the model tends to fall in, which is consistent with the general regular submarine’s rolling rule. The changing rate of the roll angle predicted by CFD at the beginning of the turning motion is basically the same as the test results; gradually and in the end, the value seems to be larger than that of the test. Since the CFD simulation is based on the six-DOF maneuvering motion, there is a certain coupling relationship between the pitch angle and the roll angle; therefore, the prediction error of the pitch angle also affects the prediction result of the roll angle.



Figure 10 shows the time history curve of the depth change. The results show that at the beginning of the turning motion, the depth predicted by CFD is above the initial position, and there is a certain error, which is caused by the slight difference between the center of gravity position of the CFD model and the test model. Meanwhile, there is a gap between the control plane and the hull body when using overset grids to achieve the deflection; we chose to cut part of the model volume, which, to a certain extent, caused an error in the submarine model weight and the test value, and finally may have caused the submarine model to be generated. The rising force causes the submarine to be higher than its initial depth during straight-line sailing. However, during steady turning, the depth changes of the CFD prediction results and the test results gradually decrease and finally converge to a fixed value, showing good consistency.



The change curve of the submarine speed is shown in Figure 11. The results show that CFD can predict the speed reduction in the model in good agreement with the experimental results. It can be seen from the figure that the right turn speed of the CFD has further decreased, from about 10 knots to less than 6 knots. This phenomenon indicates that the submarine received more resistance when turning to starboard. Figure 9 shows that the submarine presents a greater bow lift when turning right, which also causes greater resistance in the sailing direction and make the model slower.



Figure 12 shows the evolution of the yaw rate. The results show that the changing trend of the yaw rate is slightly over-predicted by CFD but totally consistent with the experimental results during the steady turning process. The yaw rate gradually decreases and converges to a stable result and is larger than those of the test, both in portside and starboard side turning, which leads to a better turning performance. It is interesting that CFD predicts the speed drop in the turning process well. Figure 11 shows that the speed drop is basically the same as the test results, which means that at the same speed, the turning trajectory predicted by CFD will be more compact, that is, the turning circle will be smaller. This is also consistent with the results shown in Figure 8.



The propeller thrust results are shown in Figure 13; when the model starts turning, the thrust of the propeller drops significantly. The test thrust drops by up to one-third, while the CFD-predicted drop is only about 12%, which may be because of the heavy attack on the stern’s surface. The body force propeller used in the software uses an approximate model to replace the real propeller, ignoring the effects of blades and gaps; thus, the captured incoming flow cannot completely simulate the real flow field. When the speed is reduced from 10 to 6 knots, that is, after entering stable turning, the thrust is increased by about 14% compared with the direct flight state. The CFD prediction results are in good agreement with the test results. At the same time, the propeller thrust is well predicted when turning to the starboard side. At the beginning of the turning, the yaw rate and the transverse velocity increase rapidly, as shown in Figure 12; thus, the inflow in front of the propeller plane increase as well and may be larger than the velocity of the vehicle, and the influence of the yaw rate and transverse velocity makes the freestream velocity increase while the vehicle speed decreases. Thus, the axial velocity of the propeller increases, and    u  p r o p e l l e r   >  u  v e h i c l e     as a result. Additionally, with the turning motion continuing, the influence of the decrease of vehicle speed dominates, and the thrust begins to increase, which can be proved by the curves of yaw rate, since the yaw rates are basically constant after t = 10 s.



Figure 14 shows some interesting characteristics of the flow field. The tip vortices generated by the right plane of the shell are captured by the tip vortices generated because of the separation of the shell tip, and only the tip vortices of the shell are left afterward. The horseshoe vortices generated at the roots area of the stern planes are all clearly visible. The secondary vortices in the hull area intersect with the horseshoe vortex generated by the right downside plane, cause a low-pressure area above the entire right side of the model and work together with the other three planes to make the model drift and turn. The separation vortex is then captured by the propeller wake, fused with the unique wake vortex of the body force propeller and deformed.



In summary, the six-DOF CFD prediction is consistent with the test results, the simulation of turning motion has good accuracy and the control effect of the autopilot on the depth and posture of the submarine is also good. Ideally, the same numerical method will be used to predict the space spiral maneuvering of the submarine in subsequent studies.




3.3. Space Spiral Maneuver


When the submarine is diving and floating underwater to achieve the tactical goal of changing depth, it may maneuver with a turning motion to avoid attacks or just to ensure the comfort of the crew. The space spiral maneuver is the most common, and normally the submarine deflects its rudders and stern-planes to a predetermined degree—sometimes it only needs its rudders—and the submarine gradually moves into space and spirals. In the simulation, the vertical command is sent by the autopilot, and at the beginning of the CFD prediction, the submarine self-propelled and sailed directly into deep water at a speed of 1.2 m/s (10 kn for full scale). At t = 0 s, the effective rudders rotate ±20 deg, and at the same time, the vertical command is set to ±8 deg for the autopilot. The 3D trajectory prediction diagram is shown in Figure 15. It is worth noting that the results show some interesting phenomena, which indicates that the submarine is in an underwater space. It has more complex maneuverability and combat performance during movement.



Figure 16 shows the X–Y projections of the spiral trajectory under the four cases. The figure shows some unexpected results: the upward and downward spiral circles show larger differences. The trajectory parameters are shown in Table 7. The trends of the left and turn trajectory curves are relatively close in combination with Figure 16. However, it is worth noting that when the submarine reaches the starboard steady spiral maneuver, it deviates further from the original line, with a first heading change of 180 deg. From this point of view, the port spiral maneuver shows a better turning ability. Another noteworthy phenomenon is that the predicted longitudinal distance is larger when rising, which causes the trajectory of the rising maneuver to overpass the initial position. Thus, it must ask for more space to complete the spiral rising maneuvers, which indicates that the submarine has a better flowing performance when submerged.



Figure 17 shows the time history curve of the pitch and speed. The speed of the submarine decreases and gradually converges to a stable value. According to the CFD prediction, the speed drops by about 30% when rising, while it drops by 45% when submerged. The turning diameter of a submarine is related to the speed and the efficiency of the rudder angle. The diameter of the rising maneuver will surely be larger because of the higher speed with the efficient rudder deflection angle of 20 deg, which is consistent with the X–Y plane projection of the CFD prediction. The yaw rates are also shown in Figure 17, which experienced an increased peak, and then decreased and converged to a stable result. The results of the portside and starboard side maneuvers show good consistency, while the rising results are a little bit larger than those while submerged. In general, the turning abilities of the space spiral maneuvers show little difference while rising and submerged; in other words, the effect of an efficient rudder is on the same level, and thus the ability to follow is hardly influenced by vertical control or the deflection of efficient stern planes. Based on the CFD prediction in Figure 16, a larger speed means a larger turning diameter, while a similar yaw rate, that is, the turning ability of submergence, appears to be better.



Figure 18 shows the evolution of the pitch angle and roll angle. The roll angle first quickly increases to a peak and then gradually converges to a stable result. The peak value of rising (about 3 deg) is smaller than submergence (about 4 deg). From when the planes finish rotating (about 1 s) until the model is under the steady spiral maneuvers (about 30 s), that is, the moment when the parameters just stop changing, the model is affected by resistance, and the speed is significantly reduced. Additionally, at the same time, there is a lateral moment that acts on the center of gravity and makes the model rotate and fall in. The results show a larger roll angle of submergence, which indicates worse safety. When the drag torque, lateral moment and control plane torque are balanced, the model achieves steady spiral motion, and the results suggest a stable roll angle with little difference in the four cases.



The result of the pitch angle presents an interesting phenomenon; vertical commands of 8 deg and −8 deg set in the autopilot at t = 0 s make the model maneuver the bow up and bow down. The pitch angle prediction of rising fluctuates several times and finally converges, maintaining slightly less than 8 deg. However, the prediction of submergence seemed to realize the command was impossible; the result shows that the pitch angle reaches the peak (about −7 deg) quickly and then, as the speed decreases, it gradually converges, maintaining about −1 deg for spiral submerging. When the submarine is turning underwater, the pressure difference caused by the speed drop works with the resistance t caused by the internal roll to cause an objective sinking force behind the shell. From the effect of force, the deflection of the model shows there must be a pitch moment that causes the body to bow up to oppose the moment of stern planes during turning underwater.



Figure 19 shows the projection of trajectory on the X–Z plane and the evolution of the depth. The curves of submergence seem to be sharper than the rising curves, and the results of the two depth changes are closer between portside and starboard side turning, while the change trend of the submergence maneuver is gentler. Generally, the change of depth while the model heading is 360 deg is defined as the lift distance,   Δ ζ  . According to the CFD prediction, the lift distance for the portside and the starboard side turning is 0.66 and 0.65 while rising, and −0.36 and −0.33 during submergence, respectively. From the results, when the model submerges, part of the bow-down moment caused by the stern planes is balanced by the bow-up hydrodynamic moment that reduces the submarine’s pitch angle and slows the tendency to submerge.



The evolution of the controller plane deflections, the forces at the Z–axis and the pitch moments of the portside turning spiral maneuver are shown in Figure 20. The (a) and (b) are actually the defections of the effective rudder and effective stern plane. The defections follow the commands of autopilots (PD controllers), and if the controller wants the vehicle to sail with pitch angle while turning, two commands are given: the horizontal angle is maintained by effective rudders, and the vertical motion (pitch angle) relies on the autopilot commands (transferred to effective stern planes). When the model rises, the autopilot input commands the model to bow up to 8 deg and the stern-plane deflection is more than 25 deg at the beginning. After the command is completed, the deflection decreases rapidly and is finally approximately equal to 0. However, the autopilot command does not seem to be well satisfied when the model submerges. The stern plane deflection is almost −20 deg during the whole spiral maneuver, which forces the model to pitch to −2 deg, rather than −8 deg, according to Figure 18. The comparisons of force and moment show that the submarine has the characteristic of “stern heavier” during the spiral maneuver; the model’s body is subjected to a bow-up moment while rising but is almost 0 while submerging, which means the moment of the sinking force balances the moment of the stern planes, that is, when the model is rising, these two moments are in the same direction and work together to make the model bow-up, and the autopilot only needs a small vertical command to make the stern planes deflect.



Figure 21 shows the surface pressure of the model body at t = 90 s. At this moment, the hull shows bow-up (a) and bow-down (b) motions. In general, during the turning motion, the flow field around the body changes, and the phenomenon “sidewash” shows up, which creates a pressure difference between the top and bottom of the model. The high-pressure areas are located around the shell, while the low-pressure areas are located at the tail zone and the forepart of the control planes at the top of the body; the pressure difference between these regions forms the sinking force. A distinct low-pressure area appears at the rear of the bottom, producing a bow-up moment, which is balanced with the stern planes moment and the sinking moment when turning. At the same time, an obvious pressure gradient appears from the starboard side to the port side of the hull, forming a lateral force pointing to the left side of the model, providing a turning moment for portside turning. A comprehensive comparison shows that the peaks in the high-pressure zone and low-pressure zone are higher during the rising maneuver, which also shows that the submarine receives a larger pitching moment and results in a larger pitch angle when rising.



Figure 22 shows a vortex near the model’s body during the steady spiral maneuvers. The vortex structure on the leeward side is obvious as well as the separation phenomenon around the body’s surface when the hull is in the side wash. There are several tip vortices formed by the shell and its upper tip, and at the bottom of the shell, the horseshoe vortex extension merges with the hull vortex and is transported to the propeller area. At the same time, the chain vortex formed by the control planes is also merged with the body vortex at the stern, as well as the unique circular vortex that belongs to the body force propeller and the secondary vortex, which makes the flow more complicated at the stern zone. The phenomenon in the figure also shows that the vortex near the stern of submergence separates more thoroughly; however, the speed of flow seems to be smaller than it was during the rising maneuver. It can be seen also in Figure 17 that the speed drop is larger during submergence, as the separation surely interferes with the inflow of the propeller and has a negative effect on the maneuverability of the submarine.




3.4. Results Discussion


The simulations of our work are divided into three parts, including straight-line maneuvers, steady turning maneuvers in deep water and space spiral maneuvers. The settings were based on the experiments, and a body force model was used to simulate the effects of the propeller. All the planes can rotate within their own axis, and their deflections were commanded by horizontal and vertical autopilots, which were normal PD controllers with a combined proportional and differential control parameter for translations and rotations. The comparison about straight-line maneuvers and steady turning maneuvers of CFD and experiments showed the vertical (pitch angle) control is very good, and the submarine could reach the target speed of 1.2 m/s, equivalent to about 10 knots in the real-scale submarine.



In the simulations of space spiral maneuvers, we conducted scenarios for diving and floating as well as the turn to portside and starboard. The vertical commands in this manuscript are 8 deg and −8 deg. The results are very interesting, and the submarine showed the phenomenon of “stern heavier” when turning underwater. The flow fields around the sail and the flow fields between the top and bottom all changed when the vehicle turned. The side wash appeared as a result; thus, the speed difference appeared in these zones. Based on Bernoulli’s equations, the difference in speed caused a difference in pressure between the top and bottom—the bow and stern—which was also the reason the vehicle rolled to the inside. The vertical component of the resistance acting on the bow was larger than that acting on the stern, so there would be a considerable vertical force point at the bottom, behind the sail, and so the vehicle appeared to bow up.





4. Conclusions


In this study, the CFD method was used to predict the underwater turning ability of the general submarine model BB2, including steady turning maneuvers and space spiral maneuvers. The overset mesh was carried out to deal with the relative multibody motion, and the variations in the free sailing trajectories and hydrodynamic loads were analyzed in a Reynolds-averaged Navier–Stokes (RANS) simulation with the assumption of a body force propeller model to ensure it was self-propelled. The numerical prediction also included the dynamic deflection of the control planes, where the deflection angle command is issued by the autopilot. The numerical prediction of the characteristic parameters of the turning maneuvers agreed well with the results of a tank test, and the CFD method used in this study can accurately simulate self-propelled tests and is therefore is a cost-effective tool that can replace more expensive self-propelled tests. The prediction of the six-DOF maneuvers enables designers to determine the maneuverability and safety of the submarine and help with the research on and design of the underwater vehicle.



Space spiral maneuvers are predicted based on the horizontal turning, and the attitude is controlled by the autopilot. The predicted results of rising maneuvers are in line with expectations, and the pitch angle is within 3% of the preset value of the final steady spiral maneuvers. However, the submergence maneuvers have not performed as well as expected, and the vertical and horizontal motions of the submarine under six-DOF show strong mutual interference effects. Through the analysis, the turning motion was found to have a greater impact on the depth and pitch, and the effective rudders’ deflection makes the submarine appear to be “stern heavier”. This prediction shows that, even if the vertical command is over 20 deg, the pitch angle eventually remains below 2 deg of the submergence maneuvers. The “stern heavier” and motion characteristics when turning underwater might help to save the submarine in a situation of dangerous submergence, as the turning motion can be an effective way not only to reduce the speed but also to limit the dangerous depth, which plays a role in correlational research between safety and maneuverability.



The work in this article made certain reference to the CFD prediction of the maneuverability of an underwater vehicle and evaluated the research on a dangerous situation. Since the current CFD simulation only considered the space turning performance and the stability of roll, further design and research on repeated steering is needed.
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Figure 1. BB2 geometry (hull, propeller, rudder). 
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Figure 2. Body fixed coordinate with the origin (O) located at the center of gravity (CG). 
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Figure 3. Norm direction of the X-planes. 
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Figure 4. The background and the overset regions containing the control planes: (a) Boundary conditions of the computational domain, (b) view from the aft and (c) magnified view of the stern region showing the positions of the inflow plane. 
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Figure 5. Free-running model grid adopted on y = 0 symmetry plane around the hull body (left) and overset grid area of rudder planes area (right). 
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Figure 6. The open-water curves of the MARIN 7371R propeller conducted by Kim. 
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Figure 7. Vortical structures shown as isosurfaces. 
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Figure 8. X-Y trajectories for steady turning maneuvers at a forward speed of 1.2 m/s. 
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Figure 9. Time histories of pitch (top) and roll (bottom) for the 20 deg controlled turn maneuvers. 
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Figure 10. Time histories of depth changes for the 20 deg controlled turn maneuvers. 
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Figure 11. Evolution of speed for the turn maneuvers. 
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Figure 12. Evolution of yaw rate for the turn maneuvers. 
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Figure 13. Evolution of propeller thrust forces for the turn maneuvers. 
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Figure 14. Vortex view of the -20 deg controlled turn maneuver at t = 50 s. 
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Figure 15. 3D trajectories for the space spiral maneuvers. 
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Figure 16. X–Y trajectories for the space spiral maneuvers. 
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Figure 17. Evolution of speed (a) and yaw rate (b) for the space spiral maneuvers. 
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Figure 18. Evolution of roll (a) and pitch (b) for the space spiral maneuvers. 
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Figure 19. X–Z trajectories (a) and evolution of depth (b) for the space spiral maneuvers. 
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Figure 20. Evolution of the controller plane deflections (a,b), forces at Z-axis (c) and pitch moments (d) for the left turning space spiral maneuvers. 
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Figure 21. Top and bottom surface pressure of rising (a) and submergence (b) for the left–turning space spiral maneuvers. 






Figure 21. Top and bottom surface pressure of rising (a) and submergence (b) for the left–turning space spiral maneuvers.



[image: Jmse 09 01451 g021]







[image: Jmse 09 01451 g022 550] 





Figure 22. Vortex of rising (a) and submergence (b) for the left–turning space spiral maneuvers. 
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Table 1. Main parameters of BB2 (model scale 1:18.348). Mass properties of the scaled BB2 submarine by a factor of 18.348; the longitudinal and vertical CG was measured from the front nose tip and the keel, and the moments of inertia (i.e.,    r x   ,    r y    and    r z    ) are about the CG.






Table 1. Main parameters of BB2 (model scale 1:18.348). Mass properties of the scaled BB2 submarine by a factor of 18.348; the longitudinal and vertical CG was measured from the front nose tip and the keel, and the moments of inertia (i.e.,    r x   ,    r y    and    r z    ) are about the CG.





	Model Parameters
	Symbol
	Scale (Full)
	Scale (Model)





	Length
	    L 0  ( m )   
	70.2
	3.8260



	Beam
	   B ( m )   
	9.6
	0.5232



	Draft to Deck
	    D d  ( m )   
	10.6
	0.5777



	Draft to Sail Top
	    D s  ( m )   
	16.2
	0.8829



	Propeller Diameter
	    D p  ( m )   
	5
	0.273



	Displacement
	   Δ ( tonnes )   
	4440
	0.7012



	Longitudinal Center of Gravity (from nose)
	    X  C G   ( m )   
	32.31
	1.761



	Vertical Center of Gravity (from keel)
	    Z  C G   ( m )   
	4.844
	0.2856



	Vertical Center of Buoyancy (from keel)
	    Z  C B   ( m )   
	5.644
	0.3076



	Roll Radius of Gyration
	    r x  ( m )   
	3.433
	0.1871



	Pitch Radius of Gyration
	    r y  ( m )   
	17.600
	0.9592



	Yaw Radius of Gyration
	    r z  ( m )   
	17.522
	0.9550
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Table 2. Autopilot PD parameters for the scaled BB2 submarine by a factor of 18.348.
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Description

	
Proportional Parameter (P)

	
Derivative Parameter (D)




	
Symbol

	
Value

	
Symbol

	
Value






	
Translation in y direction (y)

	
    P y    

	
18.3 [deg/m]

	
    D y    

	
0 [deg/(m/s)]




	
Translation in z direction (z)

	
    P z    

	
−55.04 [deg/m]

	
    D z    

	
−12.85 [deg/(m/s)]




	
Rotation about y axis (θ)

	
    P θ    

	
3 [deg/deg]

	
    D θ    

	
0.7 [deg/(deg/s)]




	
Rotation about z axis (φ)

	
    P φ    

	
3 [deg/deg]

	
    D φ    

	
2.85 [deg/(deg/s)]
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Table 3. Grid dependence study of the discretized hull and control planes, showing the percentage difference to the fine grid level.






Table 3. Grid dependence study of the discretized hull and control planes, showing the percentage difference to the fine grid level.





	Gird Level
	Cells (in Millions)
	Drag Force (N)
	Difference to Fine (%)





	Fine
	15.83
	24.02
	-



	Medium
	6.58
	24.13
	0.46



	Coarse
	2.92
	24.50
	2.00
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Table 4. Scaling laws (with   λ = 18.348 ;  λ ρ  =    ρ  s e a    /   ρ  b a sin      .
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	Parameters
	Coefficients





	Time
	    λ  0.5     



	Speed
	    λ  0.5     



	Distance
	  λ  



	Displacement
	    λ 3    



	Moments of inertia
	    λ 4    



	Position of CoG
	  λ  



	Angular velocity
	    λ  − 0.5     



	Angular acceleration
	    λ  − 1     



	Force
	    λ 3   λ p    



	Moment
	    λ 4   λ p    



	Power
	    λ  3.5    λ p    
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Table 5. Result of CFD simulations and tests (all results are at full scale).
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	Parameters
	CFD
	EFD
	Error (%)





	Vehicle Speed (kn)
	10.2
	10
	2.00



	Propeller Revolution (rpm)
	272
	266
	2.26



	Thrust Force (N∙105)
	1.61
	1.63
	1.23



	Pitch Angle (deg)
	0.89
	0.92
	−3.26



	Vertical Position (/LPP)
	0.02
	0
	-
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Table 6. Percentage difference between CFD and experiment (from Overpelt’s reports)/study results for length (L)-based non-dimensional maneuvering characteristics (ITTC [42], 2002) for effective rudder angles 20 deg and −20 deg steady turning maneuvers.






Table 6. Percentage difference between CFD and experiment (from Overpelt’s reports)/study results for length (L)-based non-dimensional maneuvering characteristics (ITTC [42], 2002) for effective rudder angles 20 deg and −20 deg steady turning maneuvers.





	
Effective Rudder Angle

	
Turning Diam (/L)

	
Transfer (/L)

	
Tactical Diam (/L)

	
Advace (/L)

	
90° Turning Time (s)

	
180° Turning Time






	
−20 deg PT

	
CFD

	
2.89

	
1.45

	
3.13

	
2.53

	
47.8

	
93.4




	
EFD

	
-

	
1.55

	
3.24

	
2.65

	
52.6

	
104.0




	
Difference (%)

	
-

	
−6.45

	
−3.39

	
−4.91

	
−9.12

	
−10.19




	
20 deg SB

	
CFD

	
2.91

	
1.50

	
3.15

	
2.50

	
49.8

	
101.9




	
EFD

	
-

	
1.63

	
3.33

	
2.61

	
54.1

	
106.2




	
Difference (%)

	
-

	
−7.97

	
−5.41

	
−4.21

	
−7.95

	
−9.25
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Table 7. Parameters for effective rudder angles 20 deg and −20 deg space spiral maneuvers.






Table 7. Parameters for effective rudder angles 20 deg and −20 deg space spiral maneuvers.





	
Parameters

	
−20 deg Turn to Port

	
20 deg Turn to Starboard




	
Rising

	
Submergence

	
Rising

	
Submergence






	
Turning diam/Lpp

	
3.42

	
2.64

	
3.41

	
2.69




	
Tactical diam/Lpp

	
3.39

	
3.00

	
3.36

	
3.03




	
Longitudinal distance/Lpp

	
3.00

	
2.85

	
2.99

	
2.81




	
Positive constant distance/Lpp

	
1.78

	
1.65

	
1.75

	
1.61
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