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Abstract: Multi-ship encountering results in complex interactions that significantly modify the
surrounding flow field, particularly in the presence of incident waves. Due to the disturbing effect
of the complex wave system, the behavior of each ship during the encounter is influenced by the
wave characteristics and the relative motions between the ships. This paper establishes a model for
ship-to-ship encountering in incident waves using the time-domain Rankine Boundary Element
Method (BEM). The transient responses and wave field of ships are investigated. The approach is
based on the global fixed system, moment-to-moment iterative updating of the computational grid
simulates the two-ship encountering, using the fourth-order Runge-Kutta method for time
integration. The classical Wigley IlI is chosen to calculate and better validate the numerical results
for a two-ship encountering in calm water and a single-ship advancing in an incident wave based on
the time-domain method. On this basis, a study is carried out to investigate the transient motion and
instantaneous wave field of two ships encountering toward an opposite direction in incident waves.
Sensitivity analyses of parameters such as wave characteristics, transverse distance between ships,
and ship-to-ship speed ratio, reveal that the transient motions of ships are closely related to the
incident wave characteristics. Notably, the encounter frequency differs when two ships advance in
opposing directions, with variations in transverse distance and speed ratio significantly affecting the
amplitude and frequency of their motions during the encounter.
Keywords: hydrodynamic interaction, transient motion, incident wave, encountering operation,

wave field, grid update

1. Introduction

Ship-to-ship hydrodynamic interactions have always been one of the trending topics of ocean
engineering research. In the open sea, under the action of the wind, waves are created on the surface
of the ocean. For a single advancing ship, the presence of incident waves creates a complex wave-
ship coupling interaction, where on the one hand the wave forces change the ship motions, and on
the other hand, the ship motions affect the surrounding flow field and change the fluid loads. The
problem of ship-to-ship advancing in waves is more complicated by the fact that, in addition to the
wave action of a single ship, the asymmetric flow generated by the presence of other hulls around
it results in lateral actions between ships. This has inspired us to investigate the hydrodynamic
effects of ships advancing close together in incident waves, which is also practically significant in
ensuring the safety of actual ship navigation.
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When the symmetry in the flow field is changed, this change in the flow field affects the
navigational safety of ships. To address this problem, scholars have firstly done extensive research
on the ship-to-ship hydrodynamic interactions in calm water. Vantorre et al. [1] adopted
experimental methods and empirical formulas methods respectively, considered a variety of
influencing factors, and simulated the ship-ship interaction forces during the encountering and
overtaking process between target vessels. Experimental and empirical formulas methods used to
calculate the ship-ship interactions require a large number of experiments to be carried out
continuously to determine the results, which consume a lot of materials and time. The continuous
development of computer numerical processing techniques has made it easy to use numerical
simulation methods to avoid the limitations of the above two approaches. Ohkusu [2], Kodan [3]
and Ronass [4] et al. predicted ship-to-ship hydrodynamic interactions under the two-dimensional
slender-body hypothesis, which didn’t take into account three-dimensional effects. Later,
Korsmeyer et al. [5] considered the influence of 3D effects to study the motions of an arbitrary
number of different objects using the 3D panel method. Pinkster [6] extended Korsmeyer's method
to calculate the effects of an advancing ship on a moored ship, partially taking into account free
surface effects. Yuan et al. [7] accounted for the time term and considered the influence of free
surface effects, proposed a reasonable decoupled superposition method accounting for non-constant
free surface boundary conditions, and verified its feasibility in predicting hydrodynamic interactions
during ships’ encounters. This method applies to the problem of an arbitrary object advancing at
different speeds in calm water. On this basis, Li et al. [8] used this method to propose a time iterative
algorithm containing non-constant nonlinear free surface boundary conditions to investigate the
non-constant phenomena of ship-ship interactions in shallow water. In addition, the objects of
hydrodynamic research are extensive. For example, Li [9] investigated the drag interference
between swimmers, and Yuan et al. [10] used ducks to reveal that multiple waterfowls are able to
save individual energy and reduce consumption through formation, and this principle also applies
to ships. Future hydrodynamic research is not limited to the ship-to-ship system itself, but also needs
to take into account the influence of external factors [11]: the actions of sidewall [12], seabed effects
[13], and the coupling of sea waves to the hulls [14] and so on.

On many occasions, due to the influence of sea waves, the above research results of calm water
appear to be insufficient or do not reflect the actual phenomena and solve the problems arising in
practice. Compared to viscous theory and CFD methods, the methods based on potential flow theory
are more computationally efficient and empirically adequate and are still the main methods used for
wave-ship coupling analysis. Scholars have done many hydrodynamic responses and drag
interference analyses based on the potential flow theory for multiple parallel ships with zero speed
and the same speeds in waves. Kashiwagi et al. [15] accurately considered the hydrodynamic
interactions of the LNG-FPSO system with a high-order boundary element method within the
framework of potential flow theory. Zhu et al. [16] investigated the effects of the gap between
multiple floating bodies side-by-side on the hydrodynamic actions and found that the characteristics
of the gap have a large effect on the resonant frequency and amplitude of multi-body radiation.
Yuan [17] conducted a comparison of the forces and experimental data of a stationary ship with a
square box and two parallel ships advancing in waves by the frequency domain Rankine source
method and discussed radiation conditions and waveforms in detail. Chen et al. [18] used the time-
domain high-order Rankine method to study the motions of side-by-side ships at different separation
distances and forward speeds and illustrated that the smaller ships are subjected to fluid forces
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obviously. Yong and Wen-cai [19] used the frequency domain method to analyze the difference
between hydrodynamic interference in waves when three parallel ships and two parallel ships. Li et
al. [20] computationally analyzed the hydrodynamic and kinematic responses of two parallel ships
advancing in waves using the time-domain Rankine source method and concluded that the numerical
method based on the time-domain Rankine source is more flexible than the frequency-domain
Rankine source method, and is stable and feasible in calculating the wave-ship coupling.

The time-domain Rankine source method allows for using both free surface kinematics and
dynamics conditions in the time step, and only the first-order spatial derivatives need to be included
in the problem with forward speed. However, the time-domain Rankine source method has
limitations in terms of radiation conditions and needs to prevent the reflection of scattering waves
on the boundary of the computational domain during the calculation. He [21] used the time-domain
Rankine BEM to achieve the effect of eliminating wave reflections on the free surface boundary
during the analysis of waves generated by the Wigley ship and submerged body underway
advancing in waves, by adding an artificial damping layer at the boundary of the computational
domain. In later related studies, Tang et al. [22], Chen et al. [18], Zhou et al. [23], and Li et al. [20]
all carried out relevant hydrodynamic studies on parallel ships in waves by setting up an artificial
damping layer.

So far, the hydrodynamic analyses related to wave-ship coupling are mostly based on two or
more parallel ships advancing at the same speed in waves, which ignores the change of transient
response and free motions of the ships in the whole process. Whereas the process of two ships
advancing in opposite directions to each other in waves is all dynamic, the waves generated by one
ship act on the other ship, and each ship is subjected to lateral forces given to it by the external
waves. Due to advancing in opposite directions, the two ships encounter each other at different
frequencies in waves, and they have different flow fields and force effects. On the basis of the study
of parallel ships advancing at the same speed [24], and with reference to the computational method
of Li’s [13] study of the passage of the ship through different seabeds, this paper accounts for the
effect of different speeds in the coupled free surface conditions and considers the transient changes
when two ships encounter at different speeds.

In this paper, the time-domain Rankine source method is proposed to solve the transient response
and hydrodynamic effects of two ships encountering in incident waves. The parts that make up this
article are as follows, in section 2, the three-dimensional hydrodynamic theoretical model of ships
with speeds under waves in the time domain is illustrated in detail. To ensure the usability of the
computational methods in this paper, we have compared the existing models from others in section
3. Section 4 carries out calculations on our research objectives and computationally discusses the
impact of relevant factors. Finally, section 5 gives several conclusions.

2. Mathematical statement
2.1. Governing equations and boundary conditions

In this study, two ships are used as a computational model in order to calculate the motions
during the encountering in regular waves, two right-handed coordinate systems are displayed in Fig.
1. The coordinate origin o of the fixed reference system oxyz is located on the undisturbed water
surface, the x-axis is positive in the direction of incident wave propagation, and the z-axis is
vertically upward. The reference coordinate system o;x;y;z; (i=1, 2) is fixed on each ship advancing
with constant speeds U, and U,, respectively, the x;-axis points toward the bow, and the z; -axis
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passes through the center of gravity of the ship vertically upward.

Due to there is a speed, the fixed coordinate system and the reference coordinate system no
longer coincide, and the calculation of the motions and forces of each ship is carried out in the
reference coordinate system, and the conversion relationship between the fixed coordinate system
and the reference coordinate system is as follows:

(x,y,2)=(x; +Ut,y,,z,), i=1,2 (1)

The fluid is assumed to be an incompressible, inviscid ideal fluid with irrotational motion and
water depth is 4. The incident wave is assumed to be a micro-amplitude wave with an incident

frequency wo, and the wave number k determined by the dispersion relation:
k= w} | g tanh(kd). )

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

@, =0,—kU,cos f§, i=1,2 3

in which £ is the incident wave angle.
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Fig. 1. Sketch of coordinate system.

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

V=0, 4)

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

N N
1 D
D=D =) ¢ +4 +¢°, (5)
i=1 i=1

in the above equation, N is the number of ships, there N=2, ¢; is the steady-disturbance flow caused
by the ship's wash waves, ¢/ is the incident potential, and ¢ is the non-constant disturbed
potential caused by the waves. Among them, the incident potential ¢; has an analytical solution,
and its defining equation is expressed as:



155

156
157
158
159
160

161

162
163
164
165
166
167
168
169

170

171

172

173

gA coshk(z, +d)

!x., LZ., )=
b (x> Vo 201) ®, coshkd

sin[k(x, cos B+ y,sin ) -, t], (6)
where g is gravitational acceleration, A4 is the amplitude of the incident wave, d is water depth.

The non-constant disturbed potential ¢” consists of the diffraction potential ¢dand the
radiation potential ¢}, i.e. ¢§) =¢,d + 1.

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

od. 0.
pi:p(Uiﬁ_l_ﬁ_l)
oo O i=1,2,/=1,2,3,4,5,6 ()

Ej = HS piniidSi

where S; is the i-th wetted ship body surface, j represents six degrees of freedom include surge,
sway, heave, roll, pitch and yaw.

In order to make the solution of the velocity potential satisfy the Laplace equation @; unique, it
is also necessary to give the corresponding boundary conditions.

In this paper, ship 1 and ship 2 have different advancing speeds, which satisfies the conditions
of the decoupled superposition method in Yuan et al. [7]: ship 1 and ship 2 satisfy the velocity
potentials #iand ¢3, respectively, that arise when one of them is advancing while the other is
stationary. The details are as follows:

Vigi =0
2 s s
U12%+g%20 onz=0
Ox; 0Oz,
o _ Upn on ship 1
on, (®)
o =0 on ship 2
on,
o4 =0 onz=-d
0z
and
Vi =0
2 15 s
U§a€2+g%:0 onz=0
Ox; 0z,
o =0 on ship 1
on, 9
99 _ U,n, on ship 2
on,
o, =0 onz=-d
0z

In the above equation, n; is denoted as the normal vector of the wet surface of ship i, defined as
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(n,l, n,-z, n?) = n;, (n?, n , nf’) =r; X n;, with r; being the direction vector of the field point of the

wet surface of ship i pointing towards the center of gravity of the ship.
The rocking motion of a ship in waves is mainly related to ¢/, ¢¢, ¢. The non-constant
diffraction potential ¢ is also decoupled in such a way ( Eq.(8) and (9) ), so the object plane

condition can be decoupled as ¢fand ¢4:

d 1
%:—% on ship 1 (10)
on, on,

',
on,

and

o _,
on,

% = _6_¢2’ on ship 2
on, on,

The radiation problem of two ships in waves is much more complicated than that of a single

on ship 2

on ship 1 (11)

ship, which is due to the fact that the simple harmonic vibration of each ship is the result of the
combined action of each wave on its hull, and thus its radiation problem is coupled [20]. Extending
this principle to the case of two ships with different speeds encountering in this paper, each ship

body surface condition for the radiation potential ¢; can be simplified as

of & 9E o ,
. D o +Ugm)), (12)

i Jj=1

in the above equation, &/ denotes the displacement of ship i in the j-th direction of motion, and
m, represents the coupling between the steady flow and the non-constant flow

{ (m},m? ) =—(n, - V)V

L Q=12 13
(m},m;,m’)=—(n,-V)(r.xVg) l -

In this study, it is assumed that the ship is a slender body, the simplified m; term using
Neumann-Kelvin linearization is

{ (m!,m?,m’)=(0,0,0)

.oi=12 (14)
(mf,mf,mf) - (O,I’l?,—niz)

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

opP

8_; =-g¢" ~v(r)g’

oL o
o o Vs

l

, =12 (15)
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r—r,

a,m,| — rn<r<r=r.+pB A1

where v(r)=4 ° O(ﬂoﬂj 0 Ao

(16)
0 <7,

is the damping layer coefficient. It is determined by the damping layer coefficient «y, and the

thickness of the damping layer Sy, 4 is the incident wavelength, 7, is the start of the damping layer,

D
is the length of the computational domain. And the initial conditions are met: ¢P|,—o = 0, Zﬂ{ ~0=0.
ni

2.2. Numerical methods
2.2.1. Boundary integral equation

After satisfying the Laplace equation and determining the boundary conditions, the three-
dimensional problem is transformed into a two-dimensional problem for solving the velocity
potential through Green's theorem. In this paper, the boundary element (BEM) method is used to
obtain the boundary integral equation satisfied by the velocity potential in the domains through
Green's second theorem:

#P)=[[o(Q)GE.0)ds, i=12 (17)

s
where ¢ can be replaced by ¢ or ¢,D , P (x;, i, z;) denotes the field points, O« ¢, 7, ;) denotes the
source points. o(Q;) is the source distribution density on the wet surface of the hull, G(P;, ;) is the

. o 1 1 w A . .
Rankine source function, i.e. G(P,Q,) = —+— , which is distributed uniformly on the object surface
no

i i

as well as on the free surface, r = \/(xl. —EY +(y,—1,)" +(z,—¢,) is the distance between the

field point P; and the source point Q;, and r = \/(xi —EY +(y,—1,) +(z,+ < +2d) is the
distance between the field point P; and the mirror-image source point Q;.

In order to solve the boundary integral equation, the computational wet boundary S is dispersed
into small surface elements including body elements S and free surface S;yby using the quadrilateral
surface element method, i.e. S = Y} NB jSz+> NF jS; j is the number of computational panels. The
velocity potential of the source point on each surface element is considered to be a constant, and the

integral form of the velocity potential at the field point P; can be expressed as

S
#(P) = ﬂ o(Q)G(R.Q)ds=0,G . i,j=12..N (18)

D> Sty S;

J=1 J=1

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

4,,4,=B), (19)

1

where i and j are from 1 to §, S denotes the total number of surface elements and A4;; is the matrix
of influence coefficients. After that, the source strength distribution density o(Q;) corresponding to
each velocity potential on each ship surface is solved by the LU decomposition method, and the
obtained source strength distribution density o(Q;) is brought into the above equation that is
determined to obtain the required velocity potential ¢.
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2.2.2. Equations of motion

Considering the ship body as a rigid body, which is subject to inertial and repulsive forces in
addition to satisfying the wave forces, and according to Newton's second law, the following
differential equations of motion with six degrees of freedom for each hull can be derived:

M, {5;-’}+Bi {g/} +C & =F,  i=12, j=123,456 (20)
where M;, B; and C; are the mass matrix, the viscous damping matrix and the response moment array
of two ships, respectively, both of which are 6x6 matrices; &%, &/ and ¢&/are the kinematic
displacements, velocities and accelerations of the i-th ship under the action of the wave, respectively;
and F, denotes the wave excitation forces and moments on the i-th ship. The j denotes the six
degrees of freedom of the motion response of each ship body.

For numerical stability and accuracy, the equations of motion is solved by the fourth-order
Runge-Kutta method, which is computed in four iterations with A¢ as the time increment at each
moment ¢. The acceleration 5,2 (=1, 2, 3,4, represents the number of iterations of Af) is obtained
at every time step of the i-th ship body, respectively, then the motion & and Q.J,:’mat the new
moment ¢+1 are got:

Eie, Eii ..j’t)

é:ij,Hl — é:ij,t +At-§.j’t +At-( il g i3

.i=1,2,7=1,2,3,4,5,6 (21)
( i‘i’t +2 ijzl +2 ij3’t + i{ft)
6

and the cycle is repeated until the end of time.

géij,tﬂ Zééij,t +

2.2.3. Free surface update
The free-surface kinematic and dynamic boundary conditions involve time terms, and for each
ship body, the fourth-order Runge-Kutta method of iterative time advancement scheme is similarly

adopted to update the non-constant disturbed velocity potential ¢” and the free surface elevation

&
g0 = ooy pg B 2" 20 4
i i 5
EO POy A (D +280 280+ &0
1 i 6

i=12 (22)

3. Numerical validation

Prior to the present analytical study, the mesh convergence and time step convergence test are
carried out, after which this paper verifies the computational validity of the involved two-ship
encountering in calm water and the single-ship model advancing in head waves using the time-
domain Rankine source method, respectively, to confirm the usability of the present method. So a
combination of these two motion modeling methods is used to apply to the behavioral study of two-

ship encountering in waves in the next section.
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Parameter Value
Length (L) 3m
Breath (B) 0.3m
Draft (7) 0.1875m
Water depth (d) 1.3125m
Transverse distance between ships (df) 0.6m

Table 1 Relevant parameters for calculations.

le
F 3
‘.};l 77
I Y
Ohx "L-f‘\‘l
T | d
L e 0 / ~ »X
-——'_\_—‘—-
3 - '02 —‘\
X2 SV
L
, \ ) TV>
<d’\ -
4L

<
o

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

3.1. Convergence test

Since the ship-to-ship encountering problem requires ships to be stepped over time, a
convergence study of both the mesh and the time step is required. Wigley Il is selected as the model
for the study, and the model dimensions and the sketch of ship-to-ship encountering are shown in

Table 1 and Fig. 2, respectively. The hydrodynamics are uniformly dimensionless as:

oA
0.5p|UU,|BT
FZ

Cp=rrt T,
“0.5p|UU,|BTL

(23)

where p is the density; U, U, are the ships’ speeds and depend on Fn4/gL , here Fn = 0.2 is the

same as the validation parameter in the next section; F'y, F7 are the sway force and the yaw moment,

respectively.

3.1.1. Mesh Convergence

0
In the 3.1.1 and 3.1.2 sections, the rigid-wall free-surface condition (6_¢ =0) is used to simplify
Z
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the model so that convergence can be observed more easily.

The mesh convergence study is divided into three meshes, with mesh cell length (see Fig. 2)
dx=L/60 (fine mesh), dx=L/30 (standard mesh) and dx=L/20 (coarse mesh). The hydrodynamic
comparisons of two ships encountering in calm water under the three meshes are shown in Fig. 3,
and the results of the ship-ship interaction forces in calm water under dx=L/60 and dx=L/30 are very
similar and better than dx=L/20. Therefore, for the convenience of saving computational time on the
meshes, the standard mesh (dx=L/30) can achieve the computational results.

@ o4 ®) 004
— 40,05 — 4=0.05
— =dx=0.10 — =dx=0.10 ‘
— - 0.5 — - =015 I

. A\ /ﬁ\ NEyAViS

\V -
0.14 -0.04 ;
2 -1 0 1 2 2 -1 0 1 2
d/L d/L

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

3.1.2.  Time step convergence

Since each time step is required for the ship-ship encountering, and the time step is related to
the mesh size, and the size of the time step needs to coincide with the mesh size, a convergence
study is performed for the time step. The time step is set as At=dx/2U, At=dx/U and At =2dx/U ( dx
is the mesh length, U is the speed), respectively. The results for all time steps are shown in Fig. 4.
In the calculations it is necessary to ensure that the data information generated by the ship moving
through one time step can be captured and the time step should not be too large. The calculations
show that Ar=dx/U is sufficiently feasible and more computationally time efficient compared to
At=dx/2U, which means that the ship moves one grid distance for each time step.

So the standard mesh (dx=L/30) and Ar=dx/U are chosen to be applied in the following

calculations.
@ o014 ®)  0.04
At=dx/2U — A=dx/2U]
— =AU — =AU
- o« At=2dlx/U - = «Ar=2dx/U| A
0.07 +— 0.02

A
J0.00 J\ f k Dﬁo.oo j / \ / \¥
-0.07 \ / -0.02 \V/ \\ /

-0.14 v -0.04
2 -1 d;L 1 2 2 -1 d(/)L 1 2

Fig. 4. Time step convergence. (a) Sway force; (b) yaw moment.
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3.2. Validation test
3.2.1.  Two ships advancing in opposite directions in calm water

The computational sketch and parameters for two Wigley III ships encountering in calm water
are shown in Fig. 2 and Table 1, with two ships at transverse distance dt (dt= 0.6m) advancing
toward an opposite direction at a speed of Fn = 0.2, respectively. In this calculation, a decoupled
superposition method is used, where the encounter process problem is considered as two steady-
state problems and free surface effects are considered (Eq.(8) and(9)). The hydrodynamic forces
obtained from Eq. (23) is compared with the results of Yuan et al. [7] (see Fig. 5). Generally, there
is good agreement between calculations.

It is obvious from Fig. 5 and Fig. 6 that two ships interact as soon as they meet at the bow, and
the attraction between two ships is greatest when d/L=0 and transfers from the near field to the far
field as the ships move (d/L <0), with the far-field wave disturbance producing a much larger and
unpredictable effect. In summary, the hydrodynamic changes are evident during the bow encounter
and stern departure phases, and these two positions are subject to both lateral forces and yaw
moments when they are just about to make contact.

@ o150 () 0.0s0
= Yuan et al. 2019 Fn=0.2 == Yuan et al. 2019 Fn=0.2 I

= = Present /"‘\ == = Present
0.075 0.025 A A

VA AW
R ALY AT

\J v V VvV
-0.150 -0.050

-2 -1 0 1 2 2 -1 0 1 2
djL 3

Fig. 5. Sway forces on two Wigley III ships encountering in calm water at a transverse distance dr=0.6m. (a) Sway
force; (b) yaw moment. The horizontal coordinates indicate the longitudinal distance between two ships, d)/L =0

indicates alignment in ships, d)/L >0 indicates before the encounter, and d//L <0 indicates after the encounter.
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330  Fig. 6. Wave patterns of two Wigley III ships during the encounter at Fy = 0.2. (a) d/L=1; (b) d/L=0; (c) d/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 & = 0.05m, wave direction  =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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The comparison of the motion response at different wavelengths is shown in Fig. 8. The results
of the present calculations are consistent with the trend of changes in Yuan [17] and Journee [25].
The problem of a single ship advancing in incident waves has been studied a lot and solved based
on the ship's own coordinate system, for which an extra convection term is added to the computation.
However, in this paper, considering that the ships encounter in incident waves is a dynamic problem,
based on the global coordinate system reference, the ships constantly change their positions, while
ignoring the convection term. In addition, the velocity potential in the frequency-domain joint free-
surface condition used in Yuan [17] contains a second-order term, whereas the time-domain
Rankine method used in this paper applies both the kinematic and dynamic conditions on the free
surface, so that only the first-order spatial derivatives are included, and this subtle difference results
in a few slightly different data points in the long wave, but no difference in the short wave. Therefore,
it is acceptable to have some numerical discrepancies in Fig. 8.

4. Results and discussion

Based on section 3, this section will investigate the problem of motion interference between two
Wigley III ships encountering toward an opposite direction in incident waves using the time-domain
Rankine source method. Furthermore, factors affecting interference between ships are
computationally analyzed, including the incident wave characteristics, the transverse distance
between ships, and the velocity ratio between ships.

4.1. Ship-to-ship transient response in regular waves

During this study, assuming that the incident wave is a micro-amplitude wave, the motions of
both ships in Fig. 9 are constrained by the direction of the sway, surge and yaw, while the heave,
roll and pitch are free. At the end of each computational moment, the free-surface mesh is updated
and the velocity potential is calculated with the iterative updating of the free surface, the wave
elevation and velocity potential values for the next moment are predicted using two-dimensional
interpolation, so that it can approximate the free surface at the next time step. This results in the
influence matrix changing at each moment, which increases the computation time. The grid
distribution of the computational domain and the two Wigley III ships is shown in Fig. 10, with
12960 panels on the computational domain and 1200 panels on the two ships.
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Fig. 9. Sketch of two ships encountering in incident waves.

Fig. 10. Grid distribution of the computational domain.

Two ships initially separated by 2d/ ( if not specified, d/ = 6m) advance anisotropically in the
head wave (f=180°) at a speed of Fn=0.2 respectively, the transverse distance between two ships is
dt (d=0.6m). For a single Wigley III ship, the resonance frequency of the heave and pitch motions
are that when wavelength A/L is between 1.0 and 1.2m [20]. The incident wave height &=0.05m and
the wavelength is chosen to be A=3m. In order to avoid initial effects during the calculation, the
incident potential is multiplied by a ramp function allowing the scattering potential to develop
gradually, as in Eq.(24), where T,, is the wave period that satisfies 7,, =27/w,. Fig. 11 shows the
non-dimensional amplitudes of heave and pitch motions of two ships in the model of this study
advancing individually in the corresponding waves (ship 1 in head waves, ship 2 in following waves)
and compared with the motions of two ships encountering. The changes in motions that occur when
two ships meet ( =4.1s ~6.9s) are observed.
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Two ships advancing in opposite directions in an incident wave are subjected to different
encounter frequency w,, resulting in different Brard numbers 7 for two ships (r = Uw,/g, 7, > 0.25 >
7,), and different sailing waveforms for ship 1 and ship 2. The difference in dynamic motions
between ship 1 and ship 2 is apparent in Fig. 12. Ship 1 advances in the head waves, its speed is
slower compared to the incident waves, so it encounters more waves per unit of time. While ship 2
advancing in the following waves, the thrust of the waves makes the ship faster than the waves.
These cause the two ships to have different cycles of motion. The heave and pitch motions of two
ships without the encounter and after the encounter are consistent with the motions of a single ship
advancing under the same conditions (see Fig. 11). Ship 1 advancing in head waves produces more
significant heave and pitch motions, while ship 2 advancing in the following waves is subjected to
less heave and pitch motions. Two bows begin to meet at r=4.1s and the sterns move away from
each other at about /=6.9s. During this period, the motion responses are complicated by the fact that
the ship wash waves generated by each ship touch the other ship and reflect back. Whereas two
ships have been advancing forward, the reflected waves act on different parts of the hulls to cause
transient effects, increasing the instability of the motions and complicating the motion responses.
Waves spreading from the bow to the stern in the direction of ship 2 advancing have little effect on
the heave and pitch motions of ship 1, ship 2 is significantly affected by divergent waves from ship
1, which produced significant instability changes in the amplitude as well as the waveform over
time (see Fig. 12(a)-(c)).

The single ship hardly produces lateral motion when advancing in waves, while two-ship
advancing produces a roll motion due to the ship-to-ship interactions causing pressure differences
between the ports and starboards of ships, as shown in Fig. 13, diffracted and radiated wave
components are mainly captured in the gap between two ships, constituting a lateral interference
and thus generating the roll motions, Fig. 12(b) shows the changes in roll motions when two ships
are advancing in opposite directions. After two bows meeting, ship 1 is subjected to much less roll
motions compared to ship 2, and the values of the motions are not of the same order of magnitude.
It should be noted that when the bow of ship 2 touches the action of the wash wave of ship 1, the
amplitude of motion changes sharply during the encounter, ship 2 is more unstable than ship 1. After
the encounter, the heave and pitch of the two ships gradually stabilize, and the roll motion of ship 1
begins to decay, while ship 2 is still subject to the roll motions under the combined effects of the
scattered and transmitted from ship 1 to ship 2 (e.g. Fig. 14). Overall, in the same sea state, the ship
advancing in following waves is more easily to external disturbances and generates instability and
the ship in head waves is more stable and subject to less lateral action. The drastic changes in motion
between two ships have an important effect on the maneuverability and stability of ships.
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4.2. Effects of incident wave direction on transient motions

From the encounter frequency of Eq.(3), it is clear that the motions of the advancing ship in
incident waves are closely related to the incident wave direction angle f. The case of longitudinal
incident waves ( f =180°) has been investigated previously, when the incident wave is perpendicular
to the ship (£ =90°) and close to the wake ( f#=150°), the roll and pitch motions are more pronounced,
respectively, allowing an assessment of the ship's motion in the most unfavorable case.

Fig. 15 displays the instantaneous motion variations of two ships for two oblique wave
conditions at an initial distance (2d/ = 10m). In addition to the effect of scattered and reflected waves,
the two ships also have the effect of oblique waves on their roll motions, which makes the roll
motions more significant compared to f=180°. When £ =90°, the transient motions of ship 1 and
ship 2 are approximately the same. At A=3, the amplitude of the heave motion f =90° is closer to
1.0 than the amplitude of the 180°, because the frequency in this case is close to the resonance
frequency. Additionally, it is worth noting that the roll variations of two ships in Fig. 15(c) and (d)
have two positive amplitudes in one variation period, which may be due to the reflected wave effect
on the beginning of the bow-to-bow encounter of two ships at # = 3s. When f shifts from 90° to
150°, the encounter frequency w, of both ships changes, the transient effects of the motions become
more obvious, and the motions are in an unsteady state during the encounter (=3~6s), and the
frequency of the respective motions change. For ship 1, the roll motion at § = 150° is smaller than
the motion for the f = 90° case due to the reduced wave component in the y-direction, while ship 2
has a larger roll motion. In the vertical direction, the amplitudes of heave motions decrease for both
ships, whereas for the longitudinal motion, the angles between the incident wave direction and the
heading of two ships are changed, resulting in the waves impacting the bow of ship 1 and the stern
of ship 2, respectively, and generating a larger impact on the longitudinal direction of ships, the
pitch motion amplitudes of two ships increase and the frequency of the pitch motion of ship 2 is
significantly changed with a greater preference for the following direction, the amplitudes tend to

be stable around 0.3 after the encounter.

THAN NN

0.0

1E°

3
<
—

18



473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495

(©) 36 - _ (d 15 :
— 7 =0() ‘Shlp] — 7 =00° JShlpZ
-— p=150° - p=150° /
24 10 r \
12 N N 5 N\ \ |

\ 5 l \
\Vo\ VN
2.4 \/ 10 \
Vv V >
3.6 15
0 2 4 6 8 0 2 4 6 8
£(s) £(s)
(e 18 ® os _
——ngz ‘ shipl —_ngw ‘ ship2
12 t \ A ] L | L | \ 04
vhonopnogon ! A U
AU ' [ / / /
0.6 ! | } 1 | 0.2 / \
Wt e e e ey , Mk o
¥ ool _l"l‘,\'L\LL' & 00 AAA~AN N A L
o M T AT T NS \ Vv
0.6 \ I | P W | [N} | .' 02\ ! \ ] (WA \
’ 1] ! ! N | * /
S LY I T LA TR L ‘ \ \/ \
12 A B T B A A 044yt
1.8 0.6
0 2 4 6 8 0 2 4 6 8
£(s) £(s)

Fig. 15. Time series of two ships’ motions with different incident wave angles f. (a) Heave motion on ship 1; (b)
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

motion on ship 2.

4.3. Effects of transversal distance between ships

Provided that other external conditions remain unchanged, different transverse distances
between ships affect the wash wave propagations during the encountering of two ships. Fig. 16
displays the transient heave, roll and pitch motion responses of two ships during their encountering
in the waves (f=180°) with three different transverse distances dt (dr=0.6 m, 1 m and 2 m). The
motions of two ships during advancing are resulted from the combined action of the incident waves
and the scattered waves of each ship as well as the scattered wave system of the other ship next to
it. Fig. Fig. 17-Fig. 19 reflect the transient wave patterns during the three encounter states in the
head wave at different transverse distances, which explains the effect of wave interference on the
transient motions of two ships in Fig. 16 more clearly.

As shown in Fig. 16, at the wavelength 1 = 3 m, the heave and pitch motions of ship 1, which is
in head waves, are less sensitive to the changes in the transverse distance. This indicates that the
wave propagation generated by ship 2 has a small effect on the heave and pitch motion of ship 1.
From Fig. 16(b) and (f), it is obvious that the heave and pitch changes of ship 2. Before the two
ships meet, the heave and pitch motions of ship 2 are almost unaffected by the transverse distance
as ship 1. During the period from the beginning of the bow meeting to the complete departure of the
stern, the increase of df raises the propagation distance of the wave interference, and the frequencies
of the heave and pitch oscillations of ship 2 interfered with the bow propagation of ship 1 decreases
in the same period. Observing Fig. 16 (b) and (f), df changes from 0.6 m to 1.0 m, the changing
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trend and amplitude size of the heave and pitch motion of ship 2 are not much different, this is due
to the small change of d?, under these two values of dt, the action time of wave propagation generated
by ship 1 to ship 2 is relatively close, as can be seen from Fig. Fig. 17-Fig. 19 (a) and (b), in the
case of the two ships at the same longitudinal distance, the ship 2 receives the evanescent waves
generated by ship 1 is approximately the same in extent. Fig. 16(c) and (d) show the transient roll
motions of two ships. The increase in df weakens the wave interference effects between two ships,
making the amplitudes of the transient roll motions decrease for both ships and the peak transverse
motions occur with a delay.
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Fig. 16. Transient response of ship motions with various transverse distances. (a) Heave motion on ship 1; (b)
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motion on ship 2.
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4.4. Effects of different ship sailing speed ratios

Fig. 20 compares the transient motions of two ships advancing in opposite directions in head
wave at A = 1.0m for different |U,/U| at the same time. At the same time, the speed of ship 1 remains
constant and the encounter frequency w, of ship 2 gradually decreases as its own speed increases,
which makes 7, (1,=U,/w.g) decrease and shortens the time needed for the response of ship 2. The
attitude of the ship 2 motion changes, and the transient heave and pitch motions of ship 2 become
smaller, at |U,/U,| = 0.5, the transient heave amplitude of ship 2 can reach 0.5, which decreases to
less than 0.3 when |U,/U|| increases. On the contrary, ship 1 is subjected to the action of ship 2 in
its longitudinal direction, and its heave and pitch motions are slightly increased. Observing Fig. 20
(c) and (d), even though there is no change in the speed of ship 1, ship 1 is still subjected to diverging
waves and transverse waves generated by ship 2 and the increase in the speed of ship 2 shortens the
meeting time of two ships, so there is an increase in the amplitude and frequency of the roll motion
of two ships in the same period.
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Fig. 20. Time series of ships’ motions over different speed ratios. (a) Heave motion on ship 1; (b) 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 motion on ship
2.

5. Conclusion

A numerical model of two ships encountering in waves toward an opposite direction is
developed based on the global coordinate system by applying the linear potential flow theory and
the time-domain Rankine BEM. Two ships are decoupled by the superposition principle,
considering linear free-surface boundary conditions separately, and the velocity potential and the
free surface wave height at the next moment are predicted by the two-dimensional interpolation
until the end of the computation. Since the whole process is dynamic, the computational grid
distribution needs to be updated every moment following the movement of ships. This numerical
computational procedure has been developed that can be applied to calculate and analyze
instantaneous motions and wave field change generated by wave-structure interactions, and the
following conclusions can be drawn:

(1) For ships advancing in waves, both the external wave environment and their own speeds affect
the encounter frequency, which in turn affects the ships' navigational state and changes in
motion. Compared to ships advancing in head waves, ships advancing in following waves are
more susceptible to wave disturbances leading to unstable movements.

(2) The transient motion of the ship and the state of the flow field are related to the characteristics
of incident waves. The propagation and reflection of scattered waves when two ships are
advancing close together affects the instability of motions, and even if the ships move away
from each other after approaching, they are still subjected to the effects of the wash waves
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from the other ship. The effect of wave properties such as different wavelengths on the
transient motion of the ship as well as the change of the wave field still needs to be further
investigated.

(3) The transverse distance between ships not only affects the amplitude of the ships’ heave, roll
and pitch motions, but also changes the frequency of the roll motions of the two encountering
ships. As the transverse distance increases, the transient response amplitude and amplitude
oscillations of the ship is significantly smaller. Appropriately increasing the transverse
distance between sailing ships to delay the arrival of ship-dispersed waves at ships could
reduce wave interference.

(4) The transient motions of ships are sensitive to the velocity ratio between ships. An increase in
the speed of the ship in the following waves causes an increase in the amplitude of the roll
motion of a ship in head waves. The choices of a suitable transverse distance and the velocity
ratio between ships need to be followed up with further exploration.

(5) When two ships pass through each other in waves, each ship is subject to lateral interference
given by the other. The transient responses exhibit significant unstable behavior due to
complex wave disturbances, such as sudden increases in the amplitude of motion and
asymmetric motion, and such unstable characteristics are potentially risky for ship stability.

Hydrodynamic interactions between two or more ships are particularly complex in wave
environments, and there are many influences to consider, with ship-to-ship advancing conditions
prevalent in dense waterways. Through the motion simulation of ship-to-ship encounters in incident
waves established based on the global coordinate system, the two ships advancing at different speeds
resulting in different encounter frequencies and complex interference in the wave field, the analysis
of the transient motion response of the ship and the changes in the wave field can capture the
instantaneous behavior of the ship in the process of encountering, analyze the strength of the
interference effect, and take targeted measures to reduce the impact of the transient response on the
ship's stability. This study is based on linear theory, subsequently, the existing numerical models
can be improved to increase the computational accuracy, and further study under nonlinear theory,
sidewalls can be added to the existing models or to help predict the ship's response in extreme
situations to avoid ship collisions.
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