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ARTICLE INFO ABSTRACT
Keywords: Unmanned surface vehicles (USVs) require efficient and reliable recovery at sea.
Unmanned surface vehicle However, the recovery process, involving USVs chasing a mother ship, is complex and

risky due to wave-making and wake effects that impact USV stability and resistance.

Hydrodynamic interaction It is necessary to study the interaction between the USV and the mother ship during

CFD the docking process in order to understand the changes in the motion performance of
Motion responses and loads the unmanned ship during docking and provide a basis for the subsequent optimization
Chasing mother ship of the control method and recovery path of docking recovery. This study numerically

simulates the hydrodynamic behaviors of a 175-USV developed by Huazhong
University of Science and Technology chasing alongside a KRISO Container Ship
(KCS) standard model during recovery. 175-USV lake tests and corresponding
simulations were compared and analyzed, which show good accuracy. Simulations
reveal time-varying hydrodynamic characteristics as the USV operates into calm
water, in coming waves of varying amplitudes and directions. Findings show roll
angles and moments fluctuate within the location range of 35-45 % of the mother ship
length to the stern, with swaying force peaking near the location of 10 % of mother
ship length to the stern due to suction effects. Waves increase motion responses and
loads, especially under oblique wave conditions, yet smoother regions persist on the
opposite side of incoming waves. This study reveals the interaction between the
hydrodynamic properties and the ship during docking, which supports the safe and
reliable recovery of unmanned vessels.

1. Introduction

With the development of unmanned technology, USV play an important role in many fields such as patrol,
search and rescue, maritime confrontation [1]. USVs need to complete the recovery by chasing the mother
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ship autonomously, also called docking in many missions, to extend the endurance range or prepare for the
next mission. Currently, unmanned surface vehicles are mainly recovered in two ways: from the side of the
mother ship and from the stern (corresponding to two docking recovery paths, approaching from the rear of
the mother ship and approaching from the side of the mother ship, respectively). As shown in Figure 1, there
are three common methods of launching and recovering USVs: 1. hoisting; 2. stern slide; and 3. docking. The
second method performs better in terms of equipment space requirements, launch and recovery time, and sea
condition restrictions. Among them, the hydrodynamic characteristics of the USV during docking and
recovery are one of the key factors affecting its success rate and safety. In the docking process, the USV needs
to maintain a stable attitude and trajectory under complex sea conditions such as currents and waves, which
puts forward strict requirements on its hydrodynamic performance [2-4]. During the docking process, the
interaction between the USV and the mother ship will lead to significant changes in the USV encountered
environment, like sea currents, waves, etc, thus reducing the manoeuvring performance and docking accuracy
of the USV.

Fig. 1 USV recovery process, left: Lifting type, Middle: Stern Sliding type, right: Docking Bay type

Hydrodynamic characteristics of USV mainly include hydrodynamic forces, wave loads, buoyancy
changes and dynamic responses of the target. The challenges faced in docking process of the USV include
changes in hydrodynamic coefficients, such as significant changes in the USV's hydrodynamic coefficients
(e.g., drag and lift) during low-speed navigation near the coast [5-7], leading to increased uncertainty in
mathematical models. other challenges include environmental disturbances [8], nonlinear characteristics of
USV models [9], and shallow-water effects [10], including shore effects and depth limitations in shallow water
areas, which further complicate hydrodynamic modeling. Additionally, hydrodynamic force and wave load
will cause the USV to produce out of vertical plane motions such as rolling, and lateral movement [11], thus
affecting the precision and stability of docking operation [12-14]. There are three common ways of USV
stowage and retrieval: 1. lifting type; 2. stern sliding type; 3. docking bay type. Among them, the lifting type
has a better overall performance in terms of space requirements and time consuming [12, 15]. In the process
of docking and recovery of unmanned surface vehicle, the USV is greatly influenced by the wake and waves
of the mother ship, which may produce motion response unfavourable to the recovery. Studying the motion
interference of the mother ship on the USV is essentially a study of the hydrodynamic interactions between
multiple floating bodies, and its research methods mainly include model tests, empirical formulas and
numerical simulations. The model test requires a long test period and high-test cost, and the empirical formula
requires several tests to formulate and is limited by the shape of the floating body. Numerical simulation
methods can avoid these drawbacks and provide more data for the hydrodynamic interactions between ships.
Classical numerical simulation methods are usually based on potential flow theory. Ohkusu [16] used two-
dimensional slice theory to study the hydrodynamic effects of two cylindrical models during forced motion at
the water surface. Yeung [17] applied slender-body theory to study the non-stationary hydrodynamic
interactions of two ships moving in shallow water. Liu and Zou [18] used three-dimensional linear potential
flow theory to calculations and verified the reliability of the calculation procedure by comparing it with
experimental results. Chen and Wu [8] investigated the staggered motion of two vehicles in shallow water
based on the G-N equations and analyzed the non-constant wave interference characteristics. Sutulo et al. [19]
calculated the inter-vehicle hydrodynamic interactions using a procedure based on the classical Hess and
Smith method, independent of the influence of hull shape and mutual position and motion of interacting bodies
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and validated with experimental data. Nam and Park [20] proposed a time-domain numerical method based
on a three-dimensional potential-flow solver to investigate the ship crossing effect and the hydrodynamic
forces generated by its waves on a dock-moored barge. Li [21] used linear hydrodynamics based on potential-
flow theory with the use of the Cummins time-domain equations to simulate the motion of the ship and
discussed the hydrodynamic characteristics of the floating oil recovery vessel under parallel and non-parallel
motion with the ship based on the gap resonance mode. Huang et al. [22] proposed a numerical method based
on the Hess and Smith surface element method to calculate the intership hydrodynamics during parallel
navigation and meeting of two ships, and compared with the experimental data, verified its accuracy in
medium-shallow water and medium-low speed. Zheng [23] compared the effects of different docking methods
on the motion patterns of the two vessels under different wave directions based on the linear potential flow
theory. Tafazzoli et al. [24] carried out a coupled time-domain dynamics analysis based on the boundary
element method to study the hydrodynamic effects between the FPSO and the shuttle oil tanker and considered
the effects of the distance and the relative angle between the oil tanker and the FPSO on the dynamic response
of the two vessels. Ma et al. [25] used the three-dimensional frequency domain potential flow theory to study
the coupled motion of the two ships in waves, solved the velocity potential by means of boundary integral
equations constructed by moving the pulsation source Green's function, and computed and analyzed the
coupled motion of the two ships under different operating conditions. Cong et al. [26] used the boundary
integral equation method and the higher-order boundary element method to solve the wave in positive and
oblique waves and the wave along the long vertical wall of the interaction of the ship was calculated for linear
free water surface height, wave loads and second-order mean wave drift loads.

In recent years, more and more researchers have analyzed the hydrodynamic interactions between ships
through the computation of viscous flow. In 2009, Huang et al. [22] solved the mutual hydrodynamic forces
between ships using the RANS method and investigated the hydrodynamic interferences between the two
ships in the absence of relative motion. Zhang [8] used Fluent to solve the RANS equations to simulate the
parallel straight-line sailing of two ships in shallow water, and analyzed the effects of factors such as pairwise
spacing, ship scale ratio and speed on the inter-ship hydrodynamics. Zou and Larsson [27] used the steady-
state Reynolds-averaged Navier-Stokes solver to study the inter-ship interactions. The effects of water depth,
speed, transverse and longitudinal distances between two ships on inter-ship hydrodynamics were analyzed.
Liu and Zou [18] applied CFD software to discuss the rendezvous problem of two ships in shallow and narrow
waters, calculated their interacting hydrodynamics, and simulated a variety of ship types under different water
depths, channel widths, speed ratios, and transverse spacing to analyze their effects on the hydrodynamic
interactions of the two-ship rendezvous. Ok et al. [28] utilized OpenFOAM for the single-ship and two-ship
motions and compared the results of other software simulations and model tests to verify the effectiveness of
CFD simulations. Wang et al. [29] simulated the process of two-ship meeting and catching up, analysed the
effect of the attitude change of the ship on the inter-ship hydrodynamic force, and explored the effect of the
ship speed ratio, transverse spacing, and scale ratio on the inter-ship hydrodynamic interactions.
Zhou et al.[30] used the RANS-based CFD method to investigate the effect of the water depth, the relative
speed, and the distance for the passing ship on the dock mooring The effect of water depth, relative speed and
distance on passing ships on dock moorings was investigated, and it was found that the hydrodynamic force
and moment change law of the moored ship in the case of relatively high speed was obviously different from
that of low speed. Feng et al. [31] simulated the motion process of USV rapidly approaching the mother ship
by using numerical wave pool technology, analyzed the motion response of the USV under different motion
directions, and found that the USV is prone to capsize phenomenon when its motion direction is not in the
center of the wake flow of the large ship. Yu et al. [32] used STAR-CCM+ to simulate the motion of two
vehicles in regular waves in 2022, compared the motion response and force under different wavelengths and
different transverse spacings, and analyzed the relationship between the ratio of wavelength, transverse
spacing to the length of the vehicle, and the change of force.

Existing research work is less focused on the USV recovery process, especially on the interaction with
the mother ship when the USV runs to different positions during the recovery process. The motion responses
and forces of the USV are very complicated during the USV recovery process. In order to study the
hydrodynamic characteristics of the USV during the recovery process, this paper uses the CFD method to
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simulate the process of the USV chasing the mother ship. Firstly, the validity of the numerical simulations is
verified. The simulations of the 175-USV chasing the KCS model scale model, the mother ship is carried out,
with changing the chasing speed, wave amplitude and direction relative to the mother ship. The time varying
motion responses and hydrodynamic forces of the USV, the wave and wake induced by the advancing mother
ship are observed, compared and analysed in different cases.

2. Problem description

In this paper, the mother ship recovery process of USV mainly focuses on the process of the USV chasing
the mother ship. The mother ship is running ahead while the USV is chasing behind till docking with the
mother ship to finish the purpose of human rescues. They are shown schematically in Figure 2, with a
175-USV in Figure 3(a) and a mother ship that can be approximated as a KRISO Container Ship (KCS) in
Figure 3(b). The USV is 175-USV made by Huazhong University of Science and Technology, with a length
of 1.75 m developed and its specific parameters are shown in Table 1. The specific parameters are shown in
Table 1.

Direction of the
mother shi
E 2

180° wave

direction
165° wave

direction

Endpoint

(a) 175-USV (b) KCS model ship [29]
Fig. 3 USV and mother ship

Table 1 Scale parameters related to USV and mother ship

Parameter 'Value
Length of the mother ship, m 20
Beam of the mother ship, m 2.8

Moulded depth of the mother ship, m |1.65
Displacement of the mother ship, kg | 940

Length of the USV, m 1.75

Beam of the USV, m 0.62

Moulded depth of the USV, m 0.25
Displacement of the USV 60
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3. Numerical modelling

Computational domain is a virtual sea area that simulates the actual physical sea area by solving the
fluid control equations in a numerical, discrete manner. There are two main theories established for the
numerical sea domain: a boundary element method based on potential flow and an NS equation method based
on viscous flow. The boundary element method is an indirect method, i.e., the ideal fluid forces are solved
first, and the viscous forces are estimated by empirical equations; whereas the NS method based on viscous
flow directly solves the forces acting on the navigational body, which includes the forces of the ideal fluid,
and the method is more direct and accurate. In this paper, the NS equations will be used as the basis for a
discrete solution using the finite volume method to establish a numerical virtual sea area, including numerical
free sea area and towed sea area, to evaluate the motion characteristics of the USV in the environment of
complex waves and mother ship interference.

3.1 Governing equation

The governing equations for a three-dimensional, non-stationary, Newtonian fluid are:

a(ui)_
3 (u;) ow) _ 10, ) o(uy) .

Jt +(uj) 0x; p 0x; vaxjaxj 0x; ‘ (2)

where Equation (1) is the continuity equation and Equation (2) is the Reynolds Averaged Navier-Stokes
(RANS) equation. u; is the time-averaged value of the fluid velocity component, t is the time, v is the fluid

!

kinematic viscosity coefficient, p is the air-water density in the middle of the two-phase fluid domain, uju; is
the Reynolds stress tensor, and f; is the volumetric force source term component.

3.2 Turbulence model

For the Reynolds averaging assumption, the turbulence models that close the RANS equations include
the standard k-epsilon model in the two-equation model, the RNG k-epsilon model, Realizable k-epsilon
model, which is developed based on it, and the other dominant two-equation model is the standard k-omega
model, and the SST (Shear Stress Transport) k-omega model. Among them, the SST k-omega model is the
most widely used one in engineering, which has high accuracy for both attached boundary layer turbulence
and moderate separation turbulence, and is suitable for numerical calculation of ship maneuverability. In this
project, the RANS method with the SST k-omega model is used as the controlling equation. The Reynolds
stress tensor is expressed in the form suggested by Boussinesq using the classical vortex viscosity assumption
[33]:

D LTSN B 3
where k is the kinetic energy of turbulent pulsation per unit mass of fluid; u, is called turbulent eddy
viscosity; §; ; is the Kronecker function. Using two two-equation model SST k-w Turbulence model closed
RANS equations, the model of the attached boundary layer turbulence and moderate separation of turbulence
has high computational accuracy, about £ and unit dissipation rate @ of the equations are:
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Turbulent eddy viscosity u, is expressed as:

k
He = pa’ » (6)

where I}, and I, are the effective diffusion terms for k and w, respectively; Y and Y,, are the turbulent kinetic
energy dissipation terms for k£ and w, respectively; D, are the cross-diffusion terms; S; and S, are the
customized source terms for k and w, respectively; and o* are the model coefficients.

3.3 Volume of fluid method

In this paper, the Volume of Fluid (VOF) method is used to capture the variation of the free surface. The
basic idea is to represent the fluid volume change in the mesh by the fluid volume function and construct the
free water surface with its help, which is suitable for the solution of multiple incompatible fluid interfaces.
The fluid volume function needs to satisfy the following equation [34, 35]:

da da Jda Jda

E+uia—€+uj%+uka—z=0 (7)

where u;, uj, uy is the partial velocity of the fluid and a is the volume fraction of each cell. When a =1 it is
exclusively water, when a=0, it is exclusively air.

3.4 Wave-making and wave elimination methods

Currently, the common wave-making methods are the push plate wave-making method, the boundary
wave-making method and the source term wave-making method. Compared with the other two methods, the
boundary wave-making method directly amplitude of the wave's analytical solution at the boundary of the
wave pool, can simulate both linear and nonlinear waves, and improves the efficiency and saves time [33, 34],
so this paper adopts the boundary wave-making method. The wave dissipation method adopted in this paper
is the boundary damping method, which adds the damping term in the vertical direction of the wave motion
water quality point, so that the wave amplitude is gradually reduced. Compared with Sommerfeld's linear
radiation condition method, which is used to solve linear problems, the boundary damping method is also
suitable for nonlinear or irregular waves.

4. Numerical simulations of USV chasing mothership

The simulation scene is shown in Figure 4, and the specific flow of the simulation is as follows: the
USV is moved from the aft part of the mother ship to move along the x-axis with the mother ship at a certain
relative speed, and the wave can be loaded from the entrance. When the USV runs along the mother ship's
length from the stern till passing the location of the docking cage, the simulation stops and the relevant motion
response and force on the USV are recorded.

4.1 Computational domain and boundary conditions

The surfaces of the USV and the mother ship are no-slip walls. The geometric models of the mother ship
and USV are shown in Figures 4 and 5. The computational domain is a large rectangular box-shaped sea area,
as shown in Figure 6. The lateral face the setup USV moves towards is treated as the velocity inlet boundary,
and the other lateral surface corresponds to the pressure outlet behind the USV. The remaining four faces of
the square are all velocity inlets. The mother ship is a standard model with a length of 20 m, the USV was
modelled with a length of 1.75 m, and the main parameters were consistent with those of the 175-USV
described previously. In order to ensure that the forces and responses on the USV generated by the mother
ship's rising waves and induced wakes are not affected by the boundary of the numerical sea area, the velocity
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inlet in front of the mother ship is 0.5 times the length of the mother ship's bow, the pressure outlet is 1.5 times
the length of the mother ship's stern, the left and right velocity inlets are 1 times the length of the mother ship's
mid-longitudinal profile, and the upper and lower velocity inlets are 0.5 times the length of the mother ship's
mid-transverse profile.

/4 ’ "

Fig. 4 Geometric model of mother ship Fig. 5 Geometric model of USV

Velocity inlet
A

T

[

Pressure outlet Non-slip wall

Fig. 6 Computational domain and boundary conditions

4.2 Mesh arrangement

As shown in Figure 7, the mesh consists of a background mesh (large rectangle) and overlapping mesh
(USV, mother ship), where the overlapping mesh is nested within the background mesh. The surface meshes
of the mother ship and USV are refined to create accurate and undistorted wall boundaries. The motion
capturing areas of the USV and mother ship are refined to improve the resolution and ensure computational
accuracy, and the free water surface area is also refined. The wave simulation requires that grid sizes in the
wave height and wavelength directions are not larger than one-twentieth of the wave height and one-hundredth
of the wavelength in the wave height and wavelength direction. The grids are all structured grids, and the total
number of grids varies from 9 million to 23 million depending on the working conditions.

e

(a) Mother ship (b) USV
Fig. 7 Mesh representations for USV and mother ship

4.3 Boundary layer treatment

The SST k-omega turbulence model is selected for this simulation, and the wall surface is treated in
full y* wall treatment mode, using a hybrid wall function to treat the low Reynolds number region of the wall
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attachment. Therefore, as shown in Figures 8 and 9, the wall boundary layer ensures that the y* of the wet
surface area of the mother ship and most of the USV is around 25-150 to meet the accuracy requirements.

Fig. 8 y*value on the surface of the USV

Fig. 9 y* value on the surface of the USV

5. Experiment and validation study

In order to verify the validity of the simulation, the mother ship, a KCS standard model (L=6.07 m), is
simulated and compared with the experimental data. The distribution of wave height along the mother ship's
length in the calm water environment is verified at the running of Fr=0.26. The comparative results about
wave elevations along the ship are shown in Figure 10. The simulated frictional, pressure and total resistance
have only -1.8 %, 3.6 %, and -0.8 % difference from the calm water resistance experiment as shown in
Table 2. The longitudinal and vertical oscillations in the calm water environment at the working condition of
Fr=0.28 were also observed and obtained. Correspondingly, the comparison of numerical and experimental
results as shown in Table 3 indicates that for Fr=0.28, the percentage difference of total resistance, heave and
pitch motions between simulated and experimental results in calm water are 1.21 %, 2.88 %and -3.29 %,
respectively. When recalling to check the KCS performance during its running at Fr=0.28 in wave
environment, it is found that the simulated discrepancy is 6.25 % for the drag coefficient, and 0.0361 %
and -5.58 % for the amplitude of heave and pitch motions are respectively. The results mentioned above
indicate that the simulation approach used in this paper is not only suitable for mother ship advancing in calm
water environment but also for the wave environment, as shown in Table 4.

Table 2 Resistance Comparisons of KCS Standard Model at Fr=0.26

- Frictional Pressure Total resistance, N
resistance, N | resistance, N
Experiment 64.2 16.4 80.7
Simulation 63 17 80
Relative difference, % -1.8 3.6 -0.8
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Fig. 10 The distribution of relative wave elevations along the relative length of KCS standard model

at the design speed (Fr=0.26)

Table 3 Comparison of motion responses of KCS in calm water (Fr=0.28)

- Experiment [Simulation [Relative difference, %
Total resistance force, N 120.5 122.0 1.21
Heave, m -0.01702 | -0.01751 2.88
Pitch, rad -0.1590 -0.1538 -3.29
Table 4 Comparison of motion responses of KCS in wave environment (F7=0.26)

- Mean value of drag coefficient, N [Heave, mm |Pitch
Experiment 7.078E-03 554 |2.38
Simulation 7.52E-03 5542 2.247

Relative difference, % 6.25 0.0361 |-5.58

For checking and validating the simulated USV hydrodynamic performance of during its recovery, the
self-propelled wave-making characteristics of the real USV, as shown in Figure 11, 175-USV made by
Huazhong University of Science and Technology (HUST) are compared with the simulation results. The
175-USV and the relevant main parameters are shown in Table 5. In the lake test, 175-USV chases a small
tugboat ahead with self-propelled speed of 2.24 m/s and 3.24 m/s, respectively. It is found that the simulated
wave contour and the spreading angle at the bow and the stern of 175-USV are basically similar to those
observed in this real USV recovery lake test as shown in Figure 11. In the USV lake test, the spreading angle
was approximately 45° at v =2.24 m/s and 30° when v = 2.34 m/s. The CFD simulation results showed much
the same trend, with the spreading angle slightly greater than the experimental value at the same speed.

~
'wﬁ

Fig. 11 Comparison of simulated USV wave making characteristics to lake tests
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Table 5 Main parameter of 175-USV

Target | Length, m | Beam, m | Depth, m | Max speed, kn | Duration, hr
175-USV 1.75 0.62 0.75 7 6

6. Case study and analysis

The USV is located far behind the mother ship at the initial moment. The USV and the mother ship are
traveling forward at different speeds. The simulation is terminated when the USV passes the docking cage
located at the starboard side of the mother ship. The motion response and force of the USV in this process are
recorded and analysed. Specific simulation conditions are shown in Table 6 to investigate the effects of relative
speed, wave height and wave direction on the motion and acting force of the USV, wave and wake induced
by the mother ship. Among them, considering the differences in scale between the simulation model and the
actual ship, the parameters used in the simulation for sea level state III were also scaled down.

Table 6 Typical simulation cases

No Direction of the Wave level Speed of the mother | Speed of the Wave Peak period,
' waves ship, m/s USV, m/s height, m 1/s
1 - Calm water 1.23 1.54 0 0
2 - Calm water 1.23 1.85 0 0
3 180 Sea level 1.23 1.54 0.24 2.988
state III
Sea level
4 165 1.23 1.54 0.24 2.988
state 11T
Sea level
5 180 1.23 1.85 0.24 2.988
state 111
Sea level
6 165 1.23 1.85 0.24 2.988
state III

6.1 USV chasing mother ship in calm water

6.1.1 Motion response of the USV

In the calm water environment, the speed of the mother ship is 1.23 m/s, and the speed of the USV
relative to the mother ship is 0.62 m/s; the actual speed of the USV is 1.85 m/s. The motion response of the
USV obtained from the simulation is shown in Figure 12(a)-(c). As can be seen from the figure, the amplitude
of the roll angle of the USV jumps to a negative peak and then a positive peak at the very beginning of USV
catching up mother ship. Afterwards, the roll motion of the USV keeps decreasing from a positive angle to a
negative angle, but with a small amplitude secondary oscillation during the whole chasing process. It is
interesting to find that the roll angle almost stays at zero with very small oscillation amplitude at 35-45 % of
the mother ship length from the stern, which means to is suitable for USV to dock with the cage. The heave
motion behaves nearly low low-frequency regular sinusoidal fluctuations except for the USV just entering at
the 0-5 % of the mother ship length from the stern. The pitch angle fluctuates near zero with an amplitude of
0.8 m before reaching almost the middle of the mother ship. Later, a peak pitch response occurs at the location
of 50 % of the length of the ship from the stern. This may be induced by the bow rising wave interference.
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Fig. 12 USV dynamic responses chasing mother ship in calm water

6.1.2 Hydrodynamic forces acting on the USV

Sway and yaw motions are important factors which may influence the safety of USV by causing
collisions with the mother ship because of lateral displacement and route change. Therefore, the sway force
and yaw moment are observed and obtained as shown in Figure 12(d)-(f). The change of surge force
corresponds to the change of resistance the USV will experience during the recovery process, while the yaw
moment of the USV gives an explanation for the yaw angle changes observed in Figure 12(a)-(c). The change
of the yaw moment from a positive peak to a negative peak causes the yaw angle oscillation near zero. When
the yaw moment starts to jump to a positive peak, the yaw angle of the USV also starts to jump to a negative
peak value. The oscillating sway force shows a decreasing trend as a whole, gradually changing from suction
force (pulling the USV towards to mother ship) to repulsive force (pushing the USV away from the mother
ship). The division point of the suction force turning to a repulsive force happens at about 40 % of the stern.
Because of this cross-zero division, it is clear to see that the sway force at a range of 35-45 % from the stern
is the smallest, which helps to explain why the roll angle stays at zero with very small oscillation amplitude
at this range. When the USV arrives at the location 58 % from the stern, the repulsive decrease quickly. This
may be because USV starts to encounter the bow-induced travelling waves and pushes the USV towards the
mother ship as shown in Figure 12.

6.1.3 Wave-making status

In the calm water environment, the speed of the mother ship is 1.23 m/s, and the speed of the USV is
1.85 m/s relative to the mother ship, and the simulation of the wave made by mother ship is shown in
Figure 13. It can be seen that when the USV is chasing from the stern to the bow on the side of the mother
ship, the traveling wave generated by the mother ship itself such as spreading waves induced by bow and
stern, wave troughs along the ship length especially at the center as shown in Figure 13 will interfere with the
USYV, as a result, the motion response and the acting force of the USV are also affected.
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Fig. 13 Wave making of the mother ship under calm water

6.2 USV chasing mother ship under wave condition

6.2.1 Motion responses of the USV

In the case of the mother ship's speed of 1.23 m/s, changing the wave direction (165°, 180°), the motion
response of the USV obtained by simulation under different relative speeds of the USV (0.31 m/s, 0.62 m/s)
is shown in Figure 14. In three-level (wave direction 165°, 180°) sea state, the heave and pitch of the USV are
affected by the incoming wave and the traveling wave of the mother ship in a cyclic manner. The period of
oscillation envelope is just the encountered period between the USV and the travelling wave of the mother
ship, while the period of the high-frequency oscillations within the envelope is the encountered period between
the USV and the incoming wave. The roll angle varies similarly to that in the calm water environment,
maintaining a small oscillation at 35-45 % of the mother ship's length from the stern. With the sea state getting

severe, the amplitude of the dynamic responses all increased as expected. The oblique waves excited larger
motion responses than heading waves.
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Fig. 14 The motion response of USV under different sea states for recovery

Correspondingly, the wave elevations around the USV, together with the motion responses of the USV
at different moments in the 180° wave, are shown in Figure 15. When the USV is chasing from the stern to
the bow of the mother ship, the USV gets gradually influenced by the bow scattering wave of the mother ship.
From Figure 15, it can be seen that when the USV enters into the stern position of the mother ship, the USV's
Roll angle and Heave displacement fluctuate greatly, and then tend to be stabilized with the continuation of
its travel towards the bow. Subsequently, the Pitch angle fluctuates greatly during the 40-50 % stage.
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(a) Distance to stern 0 % (b) Distance to stern 18.6 %

(c) Distance to stern 37.2 % (d) Distance to stern 55.8 %

(e) Distance to stern 74 %
Fig. 15 Wave making around USV at different distances to the stern of the mother ship under 180° wave direction

6.2.2 Hydrodynamic forces acting on the USV

The trend of USV force changes under wave conditions is similar to that in calm water. Also, the change
of wave direction does not affect the characteristics and trends of the USV motion response and force. Also,
the hydrodynamic forces such as surge, sway forces and yaw moment acting on USV are slightly larger than
in calm water. However, the motion response and force amplitude of the USV are significantly larger under
oblique waves compared to heading waves. At sea state class 3 with a wave direction of 165°, the surge forces
increased significantly compared to the calm water condition, with the most pronounced increase occurring at
3-5 % of the distance to stern, when the USV first started sailing parallel to the mother ship, where the
longitudinal forces increased by about 40 % compared to the calm water condition. The results of the sway
force also show that the maximum force is found in the case of wave direction 165°, which is not only much

larger than the case of calm water, but also 5-6 times larger than the case of wave direction 180°. The results
are shown in Figure 16.
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Fig. 16 Hydrodynamics forces acting on USV under different sea states
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6.2.3 Wave-making analysis and USV chasing area planning

Under the sea state of level III (Wave period 7~8 s, wave height 1.25 m), the speed of the mother ship
is 1.23 m/s, and the speed of the USV relative to the mother ship is 0.62 m/s, the simulations are obtained by
changing the wave direction (165°, 180°). The simulated rising wave elevation contours for both directions
are shown in Figure 17. It can be seen from the figure that the spreading angle of the USV is significantly
lower in the wave direction of 165° compared to the working condition of 180° in the wave direction.

(a) 180° wave direction

(b) 165° wave direction

Fig. 17 Wave making of mother ship under Level 3 sea state and 165° and 180° wave direction

For heading waves, the wave height in the area between the bow scattering wave and the stern scattering
wave is relatively small. So that means the wave dissipation is fast, which is favourable for the USV to chase
and approach. For the oblique wave, the area between the bow scattering wave and the stern scattering wave
on the side of the mother ship encountering the wave is further away from the mother ship than the heading
wave condition. Also, the USV approaching the mother ship through this area has a larger entrance angle. Due
to the blocking effect of the mother ship, there is a wave smooth zone on the other side of the mother ship
encountering the wave, which is favourable for the recovery because of lower responses of the USV docking
in the area.

7. Conclusion

This paper studies the hydrodynamic characteristics of an unmanned surface vehicle during the process
of being recovered by a mother ship using a hoist system through computational fluid dynamics numerical
simulation. The accuracy of the simulation is verified by the mother ship, KCS scale model, and lake surface
tests tracking the 175-USV under the calm water and different incoming wave conditions. The changes in
different relative velocities and wave directions are compared. During the chasing process, the lateral force of
the USV changes from positive to negative, i.e., the suction force is applied from the stern to the bow and then
gradually changes to the repulsion force. Also, it is found that when the unmanned surface vehicle is chasing
in the range of 35-45 % of the mother ship's length from the stern of the mother ship, the roll angle oscillates
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around zero, and the oscillating amplitude of roll angle and roll moment are very small, which is suitable for
USV docking and recovery. In the wave environment, the USV is not only affected by the mother ship's rising
wave, but also by the high-frequency perturbation of the incoming wave, so the addition of the waves makes
the USV's response, and the amplitude of the force change more frequently, but the low frequency oscillation
trend is similar to the calm water. Compared with the heading wave, the motion response and force amplitude
of the USV increase significantly under the oblique wave, but meanwhile, the back side of the mother ship
produces a wave smooth region to produce favourable conditions for recovery. The current research still has
some limitations, including: a) numerical simulations did not consider the coupled effects of environmental
factors such as wind and currents; b) experimental verification was only conducted for specific mother ship-
USV size ratios and did not cover all scale conditions; ¢) wave directions were only selected at 165° and 180°,
and the interference mechanisms at multiple angles were not systematically analyzed. Future work could focus
on addressing these issues.
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