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9 Abstract: Multi-ship encountering results in complex interactions that significantly modify the 

10 surrounding flow field, particularly in the presence of incident waves. Due to the disturbing effect 
11 of the complex wave system, the behavior of each ship during the encounter is influenced by the 
12 wave characteristics and the relative motions between the ships. This paper establishes a model for 
13 ship-to-ship encountering in incident waves using the time-domain Rankine Boundary Element 
14 Method (BEM). The transient responses and wave field of ships are investigated. The approach is 
15 based on the global fixed system, moment-to-moment iterative updating of the computational grid 
16 simulates the two-ship encountering, using the fourth-order Runge-Kutta method for time 
17 integration. The classical Wigley III is chosen to calculate and better validate the numerical results 
18 for a two-ship encountering in calm water and a single-ship advancing in an incident wave based on 
19 the time-domain method. On this basis, a study is carried out to investigate the transient motion and 
20 instantaneous wave field of two ships encountering toward an opposite direction in incident waves. 
21 Sensitivity analyses of parameters such as wave characteristics, transverse distance between ships, 
22 and ship-to-ship speed ratio, reveal that the transient motions of ships are closely related to the 
23 incident wave characteristics. Notably, the encounter frequency differs when two ships advance in 
24 opposing directions, with variations in transverse distance and speed ratio significantly affecting the 
25 amplitude and frequency of their motions during the encounter. 
26 Keywords: hydrodynamic interaction, transient motion, incident wave, encountering operation, 
27 wave field, grid update
28
29 1.  Introduction
30 Ship-to-ship hydrodynamic interactions have always been one of the trending topics of ocean 
31 engineering research. In the open sea, under the action of the wind, waves are created on the surface 
32 of the ocean. For a single advancing ship, the presence of incident waves creates a complex wave-
33 ship coupling interaction, where on the one hand the wave forces change the ship motions, and on 
34 the other hand, the ship motions affect the surrounding flow field and change the fluid loads. The 
35 problem of ship-to-ship advancing in waves is more complicated by the fact that, in addition to the 
36 wave action of a single ship, the asymmetric flow generated by the presence of other hulls around 
37 it results in lateral actions between ships. This has inspired us to investigate the hydrodynamic 
38 effects of ships advancing close together in incident waves, which is also practically significant in 
39 ensuring the safety of actual ship navigation.
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40 When the symmetry in the flow field is changed, this change in the flow field affects the 
41 navigational safety of ships. To address this problem, scholars have firstly done extensive research 
42 on the ship-to-ship hydrodynamic interactions in calm water. Vantorre et al. [1] adopted 
43 experimental methods and empirical formulas methods respectively, considered a variety of 
44 influencing factors, and simulated the ship-ship interaction forces during the encountering and 
45 overtaking process between target vessels. Experimental and empirical formulas methods used to 
46 calculate the ship-ship interactions require a large number of experiments to be carried out 
47 continuously to determine the results, which consume a lot of materials and time. The continuous 
48 development of computer numerical processing techniques has made it easy to use numerical 
49 simulation methods to avoid the limitations of the above two approaches. Ohkusu [2], Kodan [3] 
50 and Ronæss [4] et al. predicted ship-to-ship hydrodynamic interactions under the two-dimensional 
51 slender-body hypothesis, which didn’t take into account three-dimensional effects. Later, 
52 Korsmeyer et al. [5] considered the influence of 3D effects to study the motions of an arbitrary 
53 number of different objects using the 3D panel method. Pinkster [6] extended Korsmeyer's method 
54 to calculate the effects of an advancing ship on a moored ship, partially taking into account free 
55 surface effects. Yuan et al. [7] accounted for the time term and considered the influence of free 
56 surface effects, proposed a reasonable decoupled superposition method accounting for non-constant 
57 free surface boundary conditions, and verified its feasibility in predicting hydrodynamic interactions 
58 during ships’ encounters. This method applies to the problem of an arbitrary object advancing at 
59 different speeds in calm water. On this basis, Li et al. [8] used this method to propose a time iterative 
60 algorithm containing non-constant nonlinear free surface boundary conditions to investigate the 
61 non-constant phenomena of ship-ship interactions in shallow water. In addition, the objects of 
62 hydrodynamic research are extensive. For example, Li [9] investigated the drag interference 
63 between swimmers, and Yuan et al. [10] used ducks to reveal that multiple waterfowls are able to 
64 save individual energy and reduce consumption through formation, and this principle also applies 
65 to ships. Future hydrodynamic research is not limited to the ship-to-ship system itself, but also needs 
66 to take into account the influence of external factors [11]: the actions of sidewall [12], seabed effects 
67 [13], and the coupling of sea waves to the hulls [14] and so on.
68 On many occasions, due to the influence of sea waves, the above research results of calm water 
69 appear to be insufficient or do not reflect the actual phenomena and solve the problems arising in 
70 practice. Compared to viscous theory and CFD methods, the methods based on potential flow theory 
71 are more computationally efficient and empirically adequate and are still the main methods used for 
72 wave-ship coupling analysis. Scholars have done many hydrodynamic responses and drag 
73 interference analyses based on the potential flow theory for multiple parallel ships with zero speed 
74 and the same speeds in waves. Kashiwagi et al. [15] accurately considered the hydrodynamic 
75 interactions of the LNG-FPSO system with a high-order boundary element method within the 
76 framework of potential flow theory. Zhu et al. [16] investigated the effects of the gap between 
77 multiple floating bodies side-by-side on the hydrodynamic actions and found that the characteristics 
78 of the gap have a large effect on the resonant frequency and amplitude of multi-body radiation. 
79 Yuan [17] conducted a comparison of the forces and experimental data of a stationary ship with a 
80 square box and two parallel ships advancing in waves by the frequency domain Rankine source 
81 method and discussed radiation conditions and waveforms in detail. Chen et al. [18] used the time-
82 domain high-order Rankine method to study the motions of side-by-side ships at different separation 
83 distances and forward speeds and illustrated that the smaller ships are subjected to fluid forces 
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84 obviously. Yong and Wen-cai [19] used the frequency domain method to analyze the difference 
85 between hydrodynamic interference in waves when three parallel ships and two parallel ships. Li et 
86 al. [20] computationally analyzed the hydrodynamic and kinematic responses of two parallel ships 
87 advancing in waves using the time-domain Rankine source method and concluded that the numerical 
88 method based on the time-domain Rankine source is more flexible than the frequency-domain 
89 Rankine source method, and is stable and feasible in calculating the wave-ship coupling.
90 The time-domain Rankine source method allows for using both free surface kinematics and 
91 dynamics conditions in the time step, and only the first-order spatial derivatives need to be included 
92 in the problem with forward speed. However, the time-domain Rankine source method has 
93 limitations in terms of radiation conditions and needs to prevent the reflection of scattering waves 
94 on the boundary of the computational domain during the calculation. He [21] used the time-domain 
95 Rankine BEM to achieve the effect of eliminating wave reflections on the free surface boundary 
96 during the analysis of waves generated by the Wigley ship and submerged body underway 
97 advancing in waves, by adding an artificial damping layer at the boundary of the computational 
98 domain. In later related studies, Tang et al. [22], Chen et al. [18], Zhou et al. [23], and Li et al. [20] 
99 all carried out relevant hydrodynamic studies on parallel ships in waves by setting up an artificial 

100 damping layer.
101 So far, the hydrodynamic analyses related to wave-ship coupling are mostly based on two or 
102 more parallel ships advancing at the same speed in waves, which ignores the change of transient 
103 response and free motions of the ships in the whole process. Whereas the process of two ships 
104 advancing in opposite directions to each other in waves is all dynamic, the waves generated by one 
105 ship act on the other ship, and each ship is subjected to lateral forces given to it by the external 
106 waves. Due to advancing in opposite directions, the two ships encounter each other at different 
107 frequencies in waves, and they have different flow fields and force effects. On the basis of the study 
108 of parallel ships advancing at the same speed [24], and with reference to the computational method 
109 of Li’s [13] study of the passage of the ship through different seabeds, this paper accounts for the 
110 effect of different speeds in the coupled free surface conditions and considers the transient changes 
111 when two ships encounter at different speeds.
112 In this paper, the time-domain Rankine source method is proposed to solve the transient response 
113 and hydrodynamic effects of two ships encountering in incident waves. The parts that make up this 
114 article are as follows, in section 2, the three-dimensional hydrodynamic theoretical model of ships 
115 with speeds under waves in the time domain is illustrated in detail. To ensure the usability of the 
116 computational methods in this paper, we have compared the existing models from others in section 
117 3. Section 4 carries out calculations on our research objectives and computationally discusses the 
118 impact of relevant factors. Finally, section 5 gives several conclusions.
119
120 2.  Mathematical statement
121 2.1. Governing equations and boundary conditions
122 In this study, two ships are used as a computational model in order to calculate the motions 
123 during the encountering in regular waves, two right-handed coordinate systems are displayed in Fig. 
124 1. The coordinate origin o of the fixed reference system oxyz is located on the undisturbed water 
125 surface, the x-axis is positive in the direction of incident wave propagation, and the z-axis is 
126 vertically upward. The reference coordinate system oi xi yi zi (i=1, 2) is fixed on each ship advancing 
127 with constant speeds U1 and U2, respectively, the xi-axis points toward the bow, and the zi -axis 
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128 passes through the center of gravity of the ship vertically upward. 
129 Due to there is a speed, the fixed coordinate system and the reference coordinate system no 
130 longer coincide, and the calculation of the motions and forces of each ship is carried out in the 
131 reference coordinate system, and the conversion relationship between the fixed coordinate system 
132 and the reference coordinate system is as follows:

133 (1)

134 The fluid is assumed to be an incompressible, inviscid ideal fluid with irrotational motion and 
135 water depth is d. The incident wave is assumed to be a micro-amplitude wave with an incident 
136 frequency ω0, and the wave number k determined by the dispersion relation:

137 (2)

138 Since two ships are advancing at different speeds, they are subjected to different wave encounter 
139 frequencies, which in the reference coordinate system can be given by

140 (3)

141 in which β is the incident wave angle.

142
143 Fig. 1. Sketch of coordinate system.

144
145 In the framework of linear potential flow theory, the total velocity potential within the whole 
146 flow field is expressed as Φ in the reference coordinate system satisfies the Laplace equation.

147 (4)

148 For the treatment of problems where different velocities exist, the total velocity potential Φ is a 
149 coupled superposition of the individual velocity potentials of each ship in the flow field,

150 (5)

151 in the above equation, N is the number of ships, there N=2, ϕs
i  is the steady-disturbance flow caused 

152 by the ship's wash waves, ϕI
i  is the incident potential, and ϕD

i  is the non-constant disturbed 
153 potential caused by the waves. Among them, the incident potential ϕI

i has an analytical solution, 
154 and its defining equation is expressed as:

( , , ) ( , , ),     =1,2i i i ix y z x U t y z i 

2
0 / tanh( ).k = g kd

, 0 cos ,    1, 2e i ikU i    

2 0,Φ 
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s I D
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i i
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155 (6)

156 where g is gravitational acceleration, A is the amplitude of the incident wave, d is water depth.
157 The non-constant disturbed potential ϕD

i  consists of the diffraction potential 𝜙𝑑
𝑖 and the 

158 radiation potential 𝜙𝑟
𝑖 , i.e. ϕD

i =ϕd
i + ϕr

i .
159 When the velocity potential Φi is known, the hydrodynamic force on the ship body i in its own 
160 coordinate system can be found from Bernoulli's equation and then integrated:

161 (7)

162 where Si is the i-th wetted ship body surface,  j represents six degrees of freedom include surge, 
163 sway, heave, roll, pitch and yaw.
164 In order to make the solution of the velocity potential satisfy the Laplace equation Φi unique, it 
165 is also necessary to give the corresponding boundary conditions.
166 In this paper, ship 1 and ship 2 have different advancing speeds, which satisfies the conditions 
167 of the decoupled superposition method in Yuan et al. [7]: ship 1 and ship 2 satisfy the velocity 
168 potentials ϕs

1and ϕs
2, respectively, that arise when one of them is advancing while the other is 

169 stationary. The details are as follows:

170                                 (8)

171 and

172   (9)

173 In the above equation, ni is denoted as the normal vector of the wet surface of ship i, defined as 

,
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174 (n1
i , n2

i , n3
i ) = ni, (n4

i , n5
i , n6

i ) = ri ×  ni, with ri being the direction vector of the field point of the 
175 wet surface of ship i pointing towards the center of gravity of the ship. 
176 The rocking motion of a ship in waves is mainly related to ϕI

i, ϕd
i , ϕr

i . The non-constant 
177 diffraction potential 𝜙𝑑

  is also decoupled in such a way ( Eq.(8) and (9) ), so the object plane 
178 condition can be decoupled as ϕd

1and ϕd
2:

179 (10)

180 and 

181                                (11)

182 The radiation problem of two ships in waves is much more complicated than that of a single 
183 ship, which is due to the fact that the simple harmonic vibration of each ship is the result of the 
184 combined action of each wave on its hull, and thus its radiation problem is coupled [20]. Extending 
185 this principle to the case of two ships with different speeds encountering in this paper, each ship 
186 body surface condition for the radiation potential ϕr

i  can be simplified as

187 (12)

188 in the above equation, ξ ji denotes the displacement of ship i in the j-th direction of motion, and  
189 𝑚 

𝑖 represents the coupling between the steady flow and the non-constant flow

190 (13)

191 In this study, it is assumed that the ship is a slender body, the simplified m 
i term using 

192 Neumann-Kelvin linearization is

193 (14)

194 The non-constant disturbed potential 𝜙𝐷
𝑖  satisfies the linear kinematic and dynamic boundary 

195 conditions at the free surface with z =0, respectively, and neglects the second-order terms. 
196 Additionally, in order to satisfy the radiation condition, a numerical damping layer is required to be 
197 installed in both the linear kinematic and dynamic boundary conditions, to avoid wave reflection at 
198 the end of the finite computational domain. Then the free surface conditions are written as:

199           (15)
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200 where              (16)

201 is the damping layer coefficient. It is determined by the damping layer coefficient α0, and the 
202 thickness of the damping layer β0λ, λ is the incident wavelength, r0 is the start of the damping layer, 

203 is the length of the computational domain. And the initial conditions are met: ϕD
i |t=0 = 0, ∂ϕD

i

∂n 
i
|t=0 = 0.

204
205 2.2. Numerical methods
206 2.2.1. Boundary integral equation
207 After satisfying the Laplace equation and determining the boundary conditions, the three-
208 dimensional problem is transformed into a two-dimensional problem for solving the velocity 
209 potential through Green's theorem. In this paper, the boundary element (BEM) method is used to 
210 obtain the boundary integral equation satisfied by the velocity potential in the domains through 
211 Green's second theorem:

212                                         (17)

213 where ϕ can be replaced by ϕs
i  or ϕD

i , Pi (xi, yi, zi) denotes the field points, Qi(ξi, ηi, ζi) denotes the 
214 source points. σ(Qi) is the source distribution density on the wet surface of the hull, G(Pi, Qi) is the 

215 Rankine source function, i.e. , which is distributed uniformly on the object surface 

216 as well as on the free surface, is the distance between the 

217 field point Pi and the source point Qi, and is the 
218 distance between the field point Pi and the mirror-image source point Qi. 
219 In order to solve the boundary integral equation, the computational wet boundary S is dispersed 
220 into small surface elements including body elements SB and free surface Sf by using the quadrilateral 
221 surface element method, i.e. S = ∑NB jSB+∑NF jSf, j is the number of computational panels. The 
222 velocity potential of the source point on each surface element is considered to be a constant, and the 
223 integral form of the velocity potential at the field point Pi can be expressed as

224 (18)

225 The influence coefficients Gi,j can be derived analytically, and the matrix form of the boundary 
226 integral equation is obtained by substituting the above equation into the boundary conditions 
227 satisfied by each velocity potential:

228          (19)

229 where i and j are from 1 to S, S denotes the total number of surface elements and Aij is the matrix 
230 of influence coefficients. After that, the source strength distribution density σ(Qi) corresponding to 
231 each velocity potential on each ship surface is solved by the LU decomposition method, and the 
232 obtained source strength distribution density σ(Qi) is brought into the above equation that is 
233 determined to obtain the required velocity potential ϕ.
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234
235 2.2.2. Equations of motion 
236 Considering the ship body as a rigid body, which is subject to inertial and repulsive forces in 
237 addition to satisfying the wave forces, and according to Newton's second law, the following 
238 differential equations of motion with six degrees of freedom for each hull can be derived:

239 (20)

240 where Mi, Bi and Ci are the mass matrix, the viscous damping matrix and the response moment array 
241 of two ships, respectively, both of which are 6×6 matrices; ξ ji, ξ ji and ξ ji are the kinematic 
242 displacements, velocities and accelerations of the i-th ship under the action of the wave, respectively; 
243 and Fj

i denotes the wave excitation forces and moments on the i-th ship. The j denotes the six 
244 degrees of freedom of the motion response of each ship body.
245 For numerical stability and accuracy, the equations of motion is solved by the fourth-order 
246 Runge-Kutta method, which is computed in four iterations with ∆t as the time increment at each 
247 moment t. The acceleration ξj,t

i,k (k=1, 2, 3,4, represents the number of iterations of ∆t) is obtained 
248 at every time step of the i-th ship body, respectively, then the motion ξj,t+1

i  and ξj,t+1
i at the new 

249 moment t+1 are got:

250 (21)

251 and the cycle is repeated until the end of time.
252
253 2.2.3. Free surface update
254 The free-surface kinematic and dynamic boundary conditions involve time terms, and for each 
255 ship body, the fourth-order Runge-Kutta method of iterative time advancement scheme is similarly 
256 adopted to update the non-constant disturbed velocity potential ϕD

i  and the free surface elevation 
257 ζD

i :

258 (22)

259
260 3.  Numerical validation
261 Prior to the present analytical study, the mesh convergence and time step convergence test are 
262 carried out, after which this paper verifies the computational validity of the involved two-ship 
263 encountering in calm water and the single-ship model advancing in head waves using the time-
264 domain Rankine source method, respectively, to confirm the usability of the present method. So a 
265 combination of these two motion modeling methods is used to apply to the behavioral study of two-
266 ship encountering in waves in the next section.
267
268
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269
270
271
272

Parameter Value
Length (L) 3m
Breath (B) 0.3m
Draft (T) 0.1875m

Water depth (d) 1.3125m
Transverse distance between ships (dt) 0.6m

273 Table 1 Relevant parameters for calculations.

274

275 Fig. 2. Mesh distribution of two Wigley III ships advancing in opposite directions in calm water.

276
277 3.1. Convergence test
278 Since the ship-to-ship encountering problem requires ships to be stepped over time, a 
279 convergence study of both the mesh and the time step is required. Wigley III is selected as the model 
280 for the study, and the model dimensions and the sketch of ship-to-ship encountering are shown in 
281 Table 1 and Fig. 2, respectively. The hydrodynamics are uniformly dimensionless as:

282 (23)

283 where ρ is the density; U1, U2 are the ships’ speeds and depend on , here Fn = 0.2 is the 

284 same as the validation parameter in the next section; FY, FZ are the sway force and the yaw moment, 
285 respectively.
286
287 3.1.1. Mesh Convergence

288 In the 3.1.1 and 3.1.2 sections, the rigid-wall free-surface condition ( ) is used to simplify 
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289 the model so that convergence can be observed more easily.
290 The mesh convergence study is divided into three meshes, with mesh cell length (see Fig. 2) 
291 dx=L/60 (fine mesh), dx=L/30 (standard mesh) and dx=L/20 (coarse mesh). The hydrodynamic 
292 comparisons of two ships encountering in calm water under the three meshes are shown in Fig. 3, 
293 and the results of the ship-ship interaction forces in calm water under dx=L/60 and dx=L/30 are very 
294 similar and better than dx=L/20. Therefore, for the convenience of saving computational time on the 
295 meshes, the standard mesh (dx=L/30) can achieve the computational results.

296 Fig. 3. Mesh convergence. (a) Sway force; (b) yaw moment.

297
298 3.1.2. Time step convergence
299 Since each time step is required for the ship-ship encountering, and the time step is related to 
300 the mesh size, and the size of the time step needs to coincide with the mesh size, a convergence 
301 study is performed for the time step. The time step is set as ∆t=dx/2U, ∆t=dx/U and ∆t =2dx/U ( dx 
302 is the mesh length, U is the speed), respectively. The results for all time steps are shown in Fig. 4. 
303 In the calculations it is necessary to ensure that the data information generated by the ship moving 
304 through one time step can be captured and the time step should not be too large. The calculations 
305 show that ∆t=dx/U is sufficiently feasible and more computationally time efficient compared to 
306 Δt=dx/2U, which means that the ship moves one grid distance for each time step.
307 So the standard mesh (dx=L/30) and ∆t=dx/U are chosen to be applied in the following 
308 calculations. 

309 Fig. 4. Time step convergence. (a) Sway force; (b) yaw moment.
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311 3.2. Validation test
312 3.2.1. Two ships advancing in opposite directions in calm water
313 The computational sketch and parameters for two Wigley III ships encountering in calm water 
314 are shown in Fig. 2 and Table 1, with two ships at transverse distance dt (dt= 0.6m) advancing 
315 toward an opposite direction at a speed of Fn = 0.2, respectively. In this calculation, a decoupled 
316 superposition method is used, where the encounter process problem is considered as two steady-
317 state problems and free surface effects are considered (Eq.(8) and(9)). The hydrodynamic forces 
318 obtained from Eq. (23) is compared with the results of Yuan et al. [7] (see Fig. 5). Generally, there 
319 is good agreement between calculations.
320 It is obvious from Fig. 5 and Fig. 6 that two ships interact as soon as they meet at the bow, and 
321 the attraction between two ships is greatest when dl/L=0 and transfers from the near field to the far 
322 field as the ships move (dl/L <0), with the far-field wave disturbance producing a much larger and 
323 unpredictable effect. In summary, the hydrodynamic changes are evident during the bow encounter 
324 and stern departure phases, and these two positions are subject to both lateral forces and yaw 
325 moments when they are just about to make contact.

326 Fig. 5. Sway forces on two Wigley III ships encountering in calm water at a transverse distance dt=0.6m. (a) Sway 

327 force; (b) yaw moment. The horizontal coordinates indicate the longitudinal distance between two ships, dl/L =0 

328 indicates alignment in ships, dl/L >0 indicates before the encounter, and dl/L <0 indicates after the encounter.
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330 Fig. 6. Wave patterns of two Wigley III ships during the encounter at Fn = 0.2. (a) dl/L=1; (b) dl/L=0; (c) dl/L=-1.
331                     

332 3.2.2. Single ship in incident waves
333 The detailed description of the computational domain is shown in Fig. 7: the single Wigley III 
334 advancing in head waves (wave amplitude ξ0 = 0.05m, wave direction β =180°) at Fn = 0.2. Other 
335 parameters are as in Table 1. The free surface of the entire computational domain covers a length of 
336 6L in the x-axis direction and 2.4L in the y-axis.
337

338

339 Fig. 7. Meshing grid. The entire computational domain including the hull section is divided into 13560 panels for 

340 computation. 
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341 Fig. 8. Ship motion response amplitudes for Fn=0.2. (a) Heave response;(b) pitch response. The horizontal 

342 coordinate is the dimensionless wavelength, λ is the wavelength.

343
344 The comparison of the motion response at different wavelengths is shown in Fig. 8. The results 
345 of the present calculations are consistent with the trend of changes in Yuan [17] and Journee [25]. 
346 The problem of a single ship advancing in incident waves has been studied a lot and solved based 
347 on the ship's own coordinate system, for which an extra convection term is added to the computation. 
348 However, in this paper, considering that the ships encounter in incident waves is a dynamic problem, 
349 based on the global coordinate system reference, the ships constantly change their positions, while 
350 ignoring the convection term. In addition, the velocity potential in the frequency-domain joint free-
351 surface condition used in Yuan [17] contains a second-order term, whereas the time-domain 
352 Rankine method used in this paper applies both the kinematic and dynamic conditions on the free 
353 surface, so that only the first-order spatial derivatives are included, and this subtle difference results 
354 in a few slightly different data points in the long wave, but no difference in the short wave. Therefore, 
355 it is acceptable to have some numerical discrepancies in Fig. 8. 
356
357 4.  Results and discussion
358 Based on section 3, this section will investigate the problem of motion interference between two 
359 Wigley III ships encountering toward an opposite direction in incident waves using the time-domain 
360 Rankine source method. Furthermore, factors affecting interference between ships are 
361 computationally analyzed, including the incident wave characteristics, the transverse distance 
362 between ships, and the velocity ratio between ships.
363
364
365 4.1. Ship-to-ship transient response in regular waves
366 During this study, assuming that the incident wave is a micro-amplitude wave, the motions of 
367 both ships in Fig. 9 are constrained by the direction of the sway, surge and yaw, while the heave, 
368 roll and pitch are free. At the end of each computational moment, the free-surface mesh is updated 
369 and the velocity potential is calculated with the iterative updating of the free surface, the wave 
370 elevation and velocity potential values for the next moment are predicted using two-dimensional 
371 interpolation, so that it can approximate the free surface at the next time step. This results in the 
372 influence matrix changing at each moment, which increases the computation time. The grid 
373 distribution of the computational domain and the two Wigley III ships is shown in Fig. 10, with 
374 12960 panels on the computational domain and 1200 panels on the two ships.
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375

376
377 Fig. 9. Sketch of two ships encountering in incident waves.

378

379
380 Fig. 10. Grid distribution of the computational domain.

381
382 Two ships initially separated by 2dl ( if not specified, dl = 6m) advance anisotropically in the 
383 head wave (β=180°) at a speed of Fn=0.2 respectively, the transverse distance between two ships is 
384 dt (dt=0.6m). For a single Wigley III ship, the resonance frequency of the heave and pitch motions 
385 are that when wavelength λ/L is between 1.0 and 1.2m [20]. The incident wave height ξ0=0.05m and 
386 the wavelength is chosen to be λ=3m. In order to avoid initial effects during the calculation, the 
387 incident potential is multiplied by a ramp function allowing the scattering potential to develop 
388 gradually, as in Eq.(24), where Tm is the wave period that satisfies Tm =2π/ω0. Fig. 11 shows the 
389 non-dimensional amplitudes of heave and pitch motions of two ships in the model of this study 
390 advancing individually in the corresponding waves (ship 1 in head waves, ship 2 in following waves) 
391 and compared with the motions of two ships encountering. The changes in motions that occur when 
392 two ships meet ( t=4.1s ~6.9s) are observed.
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393

394 (24)

395 Two ships advancing in opposite directions in an incident wave are subjected to different 
396 encounter frequency ωe, resulting in different Brard numbers τ for two ships (τ = Uωe/g, τ1 > 0.25 > 
397 τ2), and different sailing waveforms for ship 1 and ship 2. The difference in dynamic motions 
398 between ship 1 and ship 2 is apparent in Fig. 12. Ship 1 advances in the head waves, its speed is 
399 slower compared to the incident waves, so it encounters more waves per unit of time. While ship 2 
400 advancing in the following waves, the thrust of the waves makes the ship faster than the waves. 
401 These cause the two ships to have different cycles of motion. The heave and pitch motions of two 
402 ships without the encounter and after the encounter are consistent with the motions of a single ship 
403 advancing under the same conditions (see Fig. 11). Ship 1 advancing in head waves produces more 
404 significant heave and pitch motions, while ship 2 advancing in the following waves is subjected to 
405 less heave and pitch motions. Two bows begin to meet at t=4.1s and the sterns move away from 
406 each other at about t=6.9s. During this period, the motion responses are complicated by the fact that 
407 the ship wash waves generated by each ship touch the other ship and reflect back. Whereas two 
408 ships have been advancing forward, the reflected waves act on different parts of the hulls to cause 
409 transient effects, increasing the instability of the motions and complicating the motion responses. 
410 Waves spreading from the bow to the stern in the direction of ship 2 advancing have little effect on 
411 the heave and pitch motions of ship 1, ship 2 is significantly affected by divergent waves from ship 
412 1, which produced significant instability changes in the amplitude as well as the waveform over 
413 time (see Fig. 12(a)-(c)).
414 The single ship hardly produces lateral motion when advancing in waves, while two-ship 
415 advancing produces a roll motion due to the ship-to-ship interactions causing pressure differences 
416 between the ports and starboards of ships, as shown in Fig. 13, diffracted and radiated wave 
417 components are mainly captured in the gap between two ships, constituting a lateral interference 
418 and thus generating the roll motions, Fig. 12(b) shows the changes in roll motions when two ships 
419 are advancing in opposite directions. After two bows meeting, ship 1 is subjected to much less roll 
420 motions compared to ship 2, and the values of the motions are not of the same order of magnitude. 
421 It should be noted that when the bow of ship 2 touches the action of the wash wave of ship 1, the 
422 amplitude of motion changes sharply during the encounter, ship 2 is more unstable than ship 1. After 
423 the encounter, the heave and pitch of the two ships gradually stabilize, and the roll motion of ship 1 
424 begins to decay, while ship 2 is still subject to the roll motions under the combined effects of the 
425 scattered and transmitted from ship 1 to ship 2 (e.g. Fig. 14). Overall, in the same sea state, the ship 
426 advancing in following waves is more easily to external disturbances and generates instability and 
427 the ship in head waves is more stable and subject to less lateral action. The drastic changes in motion 
428 between two ships have an important effect on the maneuverability and stability of ships.
429
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430 Fig. 11. Time series of the motion response of two ships at Fn = 0.2 with the corresponding ships in two-ships 

431 encountering respectively. (a) Heave motions on ship 1; (b) heave motions on ship 2; (c) pitch motions on ship 1; 

432 (d) pitch motion on ship 2.

433
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434 Fig. 12. Time series of the motion response of two ships advancing during the encounter process. (a) Heave 

435 motion; (b) roll motion; (c) pitch motion.

436

437
438 Fig. 13. Wave elevation of two ships with the speed in head sea (λ=3m, Fn=0.2, dt=0.6m). (a) Diffracted wave of 

439 the bow encounter; (b) radiated wave of the bow encounter; (c) diffracted wave of the stern encounter and (d) 

440 radiated wave of the stern encounter.

441
442

443
444 Fig. 14. Wave patterns after the encounter (t=8.3s). 
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446 4.2. Effects of incident wave direction on transient motions
447 From the encounter frequency of Eq.(3), it is clear that the motions of the advancing ship in 
448 incident waves are closely related to the incident wave direction angle β. The case of longitudinal 
449 incident waves ( β =180°) has been investigated previously, when the incident wave is perpendicular 
450 to the ship ( β =90°) and close to the wake ( β =150°), the roll and pitch motions are more pronounced, 
451 respectively, allowing an assessment of the ship's motion in the most unfavorable case.
452 Fig. 15 displays the instantaneous motion variations of two ships for two oblique wave 
453 conditions at an initial distance (2dl = 10m). In addition to the effect of scattered and reflected waves, 
454 the two ships also have the effect of oblique waves on their roll motions, which makes the roll 
455 motions more significant compared to β=180°. When β =90°, the transient motions of ship 1 and 
456 ship 2 are approximately the same. At λ=3, the amplitude of the heave motion β =90° is closer to 
457 1.0 than the amplitude of the 180°, because the frequency in this case is close to the resonance 
458 frequency. Additionally, it is worth noting that the roll variations of two ships in Fig. 15(c) and (d) 
459 have two positive amplitudes in one variation period, which may be due to the reflected wave effect 
460 on the beginning of the bow-to-bow encounter of two ships at t ≈ 3s. When β shifts from 90° to 
461 150°, the encounter frequency ωe of both ships changes, the transient effects of the motions become 
462 more obvious, and the motions are in an unsteady state during the encounter (t=3~6s), and the 
463 frequency of the respective motions change. For ship 1, the roll motion at β = 150° is smaller than 
464 the motion for the β = 90° case due to the reduced wave component in the y-direction, while ship 2 
465 has a larger roll motion. In the vertical direction, the amplitudes of heave motions decrease for both 
466 ships, whereas for the longitudinal motion, the angles between the incident wave direction and the 
467 heading of two ships are changed, resulting in the waves impacting the bow of ship 1 and the stern 
468 of ship 2, respectively, and generating a larger impact on the longitudinal direction of ships, the 
469 pitch motion amplitudes of two ships increase and the frequency of the pitch motion of ship 2 is 
470 significantly changed with a greater preference for the following direction, the amplitudes tend to 
471 be stable around 0.3 after the encounter.
472
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473 Fig. 15. Time series of two ships’ motions with different incident wave angles β. (a) Heave motion on ship 1; (b) 

474 heave motion on ship 2; (c) roll motion on ship 1; (d) roll motion on ship 2; (e) pitch motion on ship 1 and (f) pitch 

475 motion on ship 2.

476
477 4.3. Effects of transversal distance between ships
478 Provided that other external conditions remain unchanged, different transverse distances 
479 between ships affect the wash wave propagations during the encountering of two ships. Fig. 16 
480 displays the transient heave, roll and pitch motion responses of two ships during their encountering 
481 in the waves (β=180°) with three different transverse distances dt (dt=0.6 m, 1 m and 2 m). The 
482 motions of two ships during advancing are resulted from the combined action of the incident waves 
483 and the scattered waves of each ship as well as the scattered wave system of the other ship next to 
484 it. Fig. Fig. 17-Fig. 19 reflect the transient wave patterns during the three encounter states in the 
485 head wave at different transverse distances, which explains the effect of wave interference on the 
486 transient motions of two ships in Fig. 16 more clearly.
487 As shown in Fig. 16, at the wavelength λ = 3 m, the heave and pitch motions of ship 1, which is 
488 in head waves, are less sensitive to the changes in the transverse distance. This indicates that the 
489 wave propagation generated by ship 2 has a small effect on the heave and pitch motion of ship 1. 
490 From Fig. 16(b) and (f), it is obvious that the heave and pitch changes of ship 2. Before the two 
491 ships meet, the heave and pitch motions of ship 2 are almost unaffected by the transverse distance 
492 as ship 1. During the period from the beginning of the bow meeting to the complete departure of the 
493 stern, the increase of dt raises the propagation distance of the wave interference, and the frequencies 
494 of the heave and pitch oscillations of ship 2 interfered with the bow propagation of ship 1 decreases 
495 in the same period. Observing Fig. 16 (b) and (f), dt changes from 0.6 m to 1.0 m, the changing 
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496 trend and amplitude size of the heave and pitch motion of ship 2 are not much different, this is due 
497 to the small change of dt, under these two values of dt, the action time of wave propagation generated 
498 by ship 1 to ship 2 is relatively close, as can be seen from Fig. Fig. 17-Fig. 19 (a) and (b), in the 
499 case of the two ships at the same longitudinal distance, the ship 2 receives the evanescent waves 
500 generated by ship 1 is approximately the same in extent. Fig. 16(c) and (d) show the transient roll 
501 motions of two ships. The increase in dt weakens the wave interference effects between two ships, 
502 making the amplitudes of the transient roll motions decrease for both ships and the peak transverse 
503 motions occur with a delay.

504 Fig. 16. Transient response of ship motions with various transverse distances. (a) Heave motion on ship 1; (b) 

505 heave motion on ship 2; (c) roll motion on ship 1; (d) roll motion on ship 2; (e) pitch motion on ship 1 and (f) pitch 

506 motion on ship 2. 
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507 Fig. 17. Distribution of wave field around two ships when ships bow-encountering in an opposite direction with 

508 different transverse distances i.e. (a) dt=0.6m, (b) dt=1m, (c) dt=2m.

509
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510 Fig. 18. Distribution of wave field around two ships when ships encountering in an opposite direction with 

511 different transverse distances i.e. (a) dt=0.6m, (b) dt=1m, (c) dt=2m.

512

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4984362

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



23

513 Fig. 19. Distribution of wave field around two ships when ships stern-encountering in an opposite direction with 

514 different transverse distances i.e. (a) dt=0.6m, (b) dt=1m, (c) dt=2m.

515
516 4.4. Effects of different ship sailing speed ratios
517 Fig. 20 compares the transient motions of two ships advancing in opposite directions in head 
518 wave at λ = 1.0m for different |U2/U1| at the same time. At the same time, the speed of ship 1 remains 
519 constant and the encounter frequency ωe of ship 2 gradually decreases as its own speed increases, 
520 which makes τ2 (τ2=U2/ωeg) decrease and shortens the time needed for the response of ship 2. The 
521 attitude of the ship 2 motion changes, and the transient heave and pitch motions of ship 2 become 
522 smaller, at |U2/U1| = 0.5, the transient heave amplitude of ship 2 can reach 0.5, which decreases to 
523 less than 0.3 when |U2/U1| increases. On the contrary, ship 1 is subjected to the action of ship 2 in 
524 its longitudinal direction, and its heave and pitch motions are slightly increased. Observing Fig. 20 
525 (c) and (d), even though there is no change in the speed of ship 1, ship 1 is still subjected to diverging 
526 waves and transverse waves generated by ship 2 and the increase in the speed of ship 2 shortens the 
527 meeting time of two ships, so there is an increase in the amplitude and frequency of the roll motion 
528 of two ships in the same period. 
529
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530 Fig. 20. Time series of ships’ motions over different speed ratios. (a) Heave motion on ship 1; (b) heave motion on 

531 ship 2; (c) roll motion on ship 1; (d) roll motion on ship 2; (e) pitch motion on ship 1 and (f) pitch motion on ship 

532 2.

533
534 5. Conclusion
535 A numerical model of two ships encountering in waves toward an opposite direction is 
536 developed based on the global coordinate system by applying the linear potential flow theory and 
537 the time-domain Rankine BEM. Two ships are decoupled by the superposition principle, 
538 considering linear free-surface boundary conditions separately, and the velocity potential and the 
539 free surface wave height at the next moment are predicted by the two-dimensional interpolation 
540 until the end of the computation. Since the whole process is dynamic, the computational grid 
541 distribution needs to be updated every moment following the movement of ships. This numerical 
542 computational procedure has been developed that can be applied to calculate and analyze 
543 instantaneous motions and wave field change generated by wave-structure interactions, and the 
544 following conclusions can be drawn:
545 (1) For ships advancing in waves, both the external wave environment and their own speeds affect 
546 the encounter frequency, which in turn affects the ships' navigational state and changes in 
547 motion. Compared to ships advancing in head waves, ships advancing in following waves are 
548 more susceptible to wave disturbances leading to unstable movements.
549 (2) The transient motion of the ship and the state of the flow field are related to the characteristics 
550 of incident waves. The propagation and reflection of scattered waves when two ships are 
551 advancing close together affects the instability of motions, and even if the ships move away 
552 from each other after approaching, they are still subjected to the effects of the wash waves 

0 2 4 6 8
-1.0

-0.5

0.0

0.5

1.0
 |U2/U1|=0.5
 |U2/U1|=1.0
 |U2/U1|=1.5

ship1
(c)

   
k

 

t (s)
0 2 4 6 8

-4

-2

0

2

4
 |U2/U1|=0.5
 |U2/U1|=1.0
 |U2/U1|=1.5

ship2
(d)

   
k

 

t (s)

0 2 4 6 8
-2

-1

0

1

2
 |U2/U1|=0.5
 |U2/U1|=1.0
 |U2/U1|=1.5

ship1
(e)

   
k

 

t (s)
0 2 4 6 8

-1.0

-0.5

0.0

0.5

1.0
ship2 |U2/U1|=0.5

 |U2/U1|=1.0
 |U2/U1|=1.5

(f)

   
k

 

t (s)

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4984362

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



25

553 from the other ship. The effect of wave properties such as different wavelengths on the 
554 transient motion of the ship as well as the change of the wave field still needs to be further 
555 investigated.
556 (3) The transverse distance between ships not only affects the amplitude of the ships’ heave, roll 
557 and pitch motions, but also changes the frequency of the roll motions of the two encountering 
558 ships. As the transverse distance increases, the transient response amplitude and amplitude 
559 oscillations of the ship is significantly smaller. Appropriately increasing the transverse 
560 distance between sailing ships to delay the arrival of ship-dispersed waves at ships could 
561 reduce wave interference. 
562 (4) The transient motions of ships are sensitive to the velocity ratio between ships. An increase in 
563 the speed of the ship in the following waves causes an increase in the amplitude of the roll 
564 motion of a ship in head waves. The choices of a suitable transverse distance and the velocity 
565 ratio between ships need to be followed up with further exploration.
566 (5) When two ships pass through each other in waves, each ship is subject to lateral interference 
567 given by the other. The transient responses exhibit significant unstable behavior due to 
568 complex wave disturbances, such as sudden increases in the amplitude of motion and 
569 asymmetric motion, and such unstable characteristics are potentially risky for ship stability. 
570 Hydrodynamic interactions between two or more ships are particularly complex in wave 
571 environments, and there are many influences to consider, with ship-to-ship advancing conditions 
572 prevalent in dense waterways. Through the motion simulation of ship-to-ship encounters in incident 
573 waves established based on the global coordinate system, the two ships advancing at different speeds 
574 resulting in different encounter frequencies and complex interference in the wave field, the analysis 
575 of the transient motion response of the ship and the changes in the wave field can capture the 
576 instantaneous behavior of the ship in the process of encountering, analyze the strength of the 
577 interference effect, and take targeted measures to reduce the impact of the transient response on the 
578 ship's stability. This study is based on linear theory, subsequently, the existing numerical models 
579 can be improved to increase the computational accuracy, and further study under nonlinear theory, 
580 sidewalls can be added to the existing models or to help predict the ship's response in extreme 
581 situations to avoid ship collisions.
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