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ABSTRACT

A three-dimensional high-order panel method based on Non-Ui ".cm F ational B-Spline (NURBS) for
predicting the ship-ship hydrodynamic interaction during mec. "2 a.a overtaking in shallow water is
developed. The NURBS surface is used to precisely represent the hur geometry. The velocity potential on
the body surface is described by B-spline after the source dew.*v di tribution on the boundary surface is
determined. A collocation approach is applied to the bound. *v integral equation discretization, and the
velocity potential is being solved at each time step. U~"~~ “* _,w-speed assumption, the effect of free
surface elevation is neglected in the numerical calculatiow, and the infinite image method is used to deal
with the finite water depth effect. Two tankers ~= ~odel tests are investigated, and the predicted
hydrodynamic interaction forces and moments are com,ar .d with experimental measurements to clarify the
validity of the proposed numerical method. Calc 'ation - are then conducted for different water depths,
lateral ship-ship distances and ship speeds, and the 'sta."=d results are discussed to demonstrate the effects
of these factors.

Key words: High-order panel method; NURBS; ship-ship hydrodynamic interaction; shallow water;
meeting; overtaking

1. Introduction

Ship-to-ship hydrodynamic interactic < .nve’ ving significant hydrodynamic forces and moments will occur
when two ships are moving in ¢'ose pro.. .nity. Particular cases of special interest are the unsteady-state
situations such as two ships m vi._ side by side during replenishment or lightering operations, and two
ships meeting or overtaking in waterways. In these cases, hydrodynamic interaction forces and moments on
the ships may lead to accide its s ich as collision, and this could be more dangerous in shallow waterways,
where the shallow-water efic * 7, remarkable.

Many previous studies un t! is s1bject were based on the experimental method since it typically produced
reliable and realistic resm.. Ar carly effort was made by Remery [1] who tested the interaction effects of a
passing ship on a 1 sored tanner in shallow water. Vantorre et al. [2] carried out a series of experimental
study on ship-ship ydrody; amic interaction in shallow water involving various ship types. The influences
of many important . ~tor-, such as the ratios of ship speeds, ship lengths, and ship drafts, the lateral
distance betwe on shins, the water depth and the under keel clearance, were investigated. Based on
regression ana. 7sis of t .e experimental data, empirical formulae for predicting the peak values of ship-ship
hydrodynamic in. =~ .0on were proposed. A set of more extensive captive model tests in shallow water
were cond. sww. * - Lataire et al. [3] for evaluating the influences of water depth, ship draft, drift angle,
speed and re. .ve distance in ship-ship lightering operations of two tankers. Later, the model tests were
served as bencu. mark test cases in the 2™ International Conference on Ship Manoeuvring in Shallow and
Confined Water (MASHCON): Ship-to-Ship Interaction (2011) [4] and were widely used in several
benchmark studies for validating the capability of numerical methods.

Theoretical study of ship-ship hydrodynamic interaction was traditionally based on the slender-body
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theory. Tuck and Newman [5] extended the slender-body theory to predict the hydrodynamic lateral force
and yaw moment acting on each of two ships while they were moving along parallel paths in both deep and
shallow waters. A similar approach was used by Yeung [6] to study the unsteady hydroe .ynamic interaction
of two slender ships moving in shallow water. This study was extended by Wang [7] . "o investigated the
irrotational flow passing two slender bodies of revolution at angles of yaw, translating in . -allel paths in
very close proximity. In all the studies mentioned above, the effects of free surfac . ew vation were ignored
under the assumption of low moving speeds.

During the last decades, many numerical studies on ship-ship hydrodynamic inter« *ion have been carried
out based on the three-dimensional (3D) Rankine source panel method prr pos ' by Hess and Smith [8].
Korsmeyer et al. [9] studied the ship-ship hydrodynamic interaction bet ~eer two slender ships and the
bank effects in a rectangular canal by using a rectangular Green function derive ' by Newman [10] coupled
with the Rankine source panel method. The canal with sloping banks - vas als considered. Zhang and Wu
[11] studied the hydrodynamic interactions between two similar Wigl v ships under meeting and passing
conditions in narrow waterway by using panel method. Yasukawa e* -1. | 1] Luvestigated the ship-bank and
ship-ship hydrodynamic interaction in encountering and overtal ng - o 'itions for actual ships such as
ferry, container ship and tanker by using a 3D panel method with w.. assv aption of rigid free-surface. The
qualitative tendency of the interaction forces was captured appro, “iateiy, but the quantitative accuracy is
insufficient. Sutulo et al. [13, 14] developed a potential ~rode for :alculating ship-ship hydrodynamic
interaction also by using the classic Hess and Smith pan~l ni.*hod and the code was validated against
experimental data obtained in deep and shallow water tow. o tanks for two identical S175 container
vessels. Zhou et al. further extended the code to the rest "_.__ ....cr cases based on the double-body model
and panel method for calculating ship-ship hydrodynamic .. *eraction, a so-called “moving-patch” method
[15, 16], and a paving algorithm [17] for better mes” _ ~~ration was introduced for simulating bottom of
arbitrary geometry instead of flat. Yuan et al. [18, 19] ¢ »v ¢loped a boundary element program based on 3D
Rankine source method, and the hydrodynamic in. . =ctio. s of two ships overtaking in shallow water (with
the minimum water depth to draft ratio 2.0) or dwm ng - lightering operation at different forward speeds
were investigated and satisfactory results w . ~htamed. It should be noted that the Rankine source
potential method using constant panel method can ~nly generate flat panels and is not able to describe the
hull geometry smoothly, thus the high-order panel method may be a better option. Zhang et al. [20]
developed a numerical computation meth .d bas 4 on B-splines for predicting the hydrodynamic interaction
between two Wigley ships. The B-splin.. functio s were employed to approximate both the ship geometry
and the unknown velocity potential. | ately, 2" et al. [21-24] developed a high-order panel method based
on Non-Uniform Rational B-Spline ' ~NU'.BS) and predicted the ship-ship hydrodynamic interaction forces
on two Wigley hulls including the sh.™' w w .ter effects and bank effects.

In recent years, there were alsr ma. 7 researches on ship-ship hydrodynamic interaction by using viscous
method, typically, the Reyr 'ds Averaged Navier-Stokes (RANS)-based method. Chen et al. [25]
calculated the unsteady sh’)-sh') hydrodynamic interaction in shallow water and restricted navigation
channels by using RANS mc ™ »d in conjunction with a chimera domain decomposition approach. Zhang
and Zou [26] carried ov a rume. cal study on the hydrodynamic interaction between ships meeting and
overtaking in restricter we ers 'y solving unsteady RANS equations. Particularly as mentioned before,
several validation studies c. ~cr.ning ship-ship interaction during lighterin§ operation in shallow water [27-
30] have been perfc med r aking use of the benchmark test cases at the 2" MASHCON conference [4] and
applying different RANS " 10dels or meshing techniques. Besides, Wang and Zou [31] carried out a
numerical study ~n ti.. 7 urodynamic interaction between a berthed ship and a passing ship entering and
leaving a singl .-way [ ck by solving the unsteady RANS equations. The influences of some factors, such
as ship speed, water ¢ :pth, transverse and longitudinal positions of the berthed ship were investigated.
Recently, Kok ev .. [32] performed similar investigations on the hydrodynamic interactions between
berthed anc mas: ... ships in both model and full scale using unsteady RANS method. The numerical model
showed reaso.” ible agreement to the experiments by Remery [1] for model-scale computations and the
scale effects we. > discussed subsequently.

Among the theoretical and numerical methods for predicting ship-ship hydrodynamic interaction in

restricted waters, slender-body theory can provide a quick and real-time prediction, while its prediction
accuracy is questionable, especially for the modern full-formed ships. In principle, the viscous methods can
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provide more accurate prediction; however, they are time-consuming and not suitable for practical and real-
time application. By contrast, the potential flow method is a good compromise between accuracy and
efficiency, since it can provide a more practical and relatively effective prediction o’ the hydrodynamic
interactions. The potential flow methods primarily are based on constant panel metho . “hich is not able to
represent the body surface in a precise way. Due to this limitation, most of the previous st. "‘es dealt with
mathematical or relatively simple ship hull forms for ship-ship interaction prob) .ms and only moderate
water depth was considered.

The high-order panel method can provide a more precise description of the body g¢ metry and can be used
to represent the source density or velocity potential distribution for potent al t ~ problem, guaranteeing
the continuity of higher order derivatives of velocity potential on the boc_ - su .ace. In previous work, the
authors have developed a high-order panel method based on NURBS 1] .~ investigate the ship-ship
interaction problems in shallow waters [22, 23] or in canals [24], and  aly thc¢ mathematical ship hull (i.e.,
Wigley) was investigated. In the present paper, this method is ext nded t¢ calculate the ship-to-ship
interaction between two real ships during meeting and overt-'ing . shallow waters, and more
comprehensive computations are conducted. A NURBS surface is v _.u ‘o precisely represent the body
geometry. The velocity potential distribution on the body surface 1. uescr'ved by B-spline after the source
density distribution on the body surface is determined. The ¢ "ocauon method is adopted with the
collocation points distributed on the vertices of NURBS surface, and \ 1e singularity sources are distributed
on the Gaussian points of each panel on the NURBS surface. U. der “.ae assumption of low ship speed, the
effect of free surface elevation is ignored, and the infinite 1.. ~ge method is used to deal with the finite
water depth effect. Calculations are carried out for ' 77_._... water depths, lateral ship-ship distances
between broadsides and ship speeds to analyze the influence. of these factors.

2. Mathematical formulation

Two ships moving along parallel courses in proxi ity of each other are considered, one ship (Ship 1)
navigates with a constant speed U, and the ...>= <h'» (Ship 2) navigates with a constant speed U,, as
shown in Fig. 1. The coordinate systems o-xyz ti..~d in the space and o;-x;y:z; fixed to Ship i (i=1, 2) are
adopted, where the x;-axis is pointing from ship stern to the bow, y;-axis to starboard side and z-axis
vertically downward; the o;-x;y; plane co’.cide. with the undisturbed free surface (z = 0). As indicated in
Fig.1, the axis directions of the coordinz ~ systen on Ship 1 are identical to those of 0-xyz. The water depth
is assumed to be constant and expres ,ed by - 4. The longitudinal and transverse distances between the
ships are denoted by ST and Sp, and ae I ceral distance between the ships’ broadsides are defined as yy,.
U,

Ship 1 =
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Fig. 1. Sketch of ship-to-ship interaction



It is assumed that 1) The fluid is inviscid and the flow is irrotational; 2) The ship speeds are very small, so
that the effects of free-surface elevation can be ignored. Furthermore, the shedding of vortices due to the
viscous effect and flow separation is neglected. The neglect of free-surface effects and shed vortices
removes all the memory effects and allows the solution to be stepped through . ~e as a series of
independent hydrodynamic calculations [9].

The perturbation velocity potential representing the flow is defined as ¢(t,x, y,- it satisfies the Laplace
equation in the fluid domain and the following boundary conditions:

0
=t on s Q)
o¢

on® =U,n”, on S, @)
o¢ =0, on z=0 3)
0z

% =0, onz=h @)

where n® =(nl‘” ,n, n;"’) and S; denote the outward n~rma. ver or and the hull surface of Ship i,

respectively.

The velocity potential ¢ is expressed by source distribution o.. *he hull surfaces as follows:

(1, P) = ﬂ " (t.0)G(P; “4S+‘f a?(t,0)G(P;0)dS ®)

where o denotes the strength of source dist "..*~d ¢, » the hull surface of Ship i. P(x, y, z) is a field point
and O(c, 7, {) is a singular point on the surface S wi..~h consists of the wetted surfaces S; and S;.

The Green function takes the following f rm

G( S,z g57794) 2(_+lJ (6)

a=—0\ "a a

where: 7, =\/(x—g)2 +(r =1+ = +2an)? and 7 =\/(x—g)2 +(y—n) +(z+¢ +2ah)’ , ais an integer.

With application of this Gree . 1u \ction of infinite mirror-image, the boundary conditions (3) and (4) on the
undisturbed free surface ar ¢ thr sea bottom are satisfied automatically; while by satisfying the boundary

conditions (1) and (2) on the n.'! surfaces, it follows the following Fredholm integral equation of second
kind:

o0G(P,Q)
on(P)

Unfl), PesS

ds(Q) = { " : @

2no., ;+jj o(1.O)—~—= pes

Once Eq. (7) is < _lveq, w. disturbance velocity potential and disturbance velocity can be expressed through
the density o b  Eq. (5, and Eq. (8):

Vi, P)= [[o(,0) V,G(P;0)dS(Q) ®)

The pressure o stribution on Ship i is determined from the unsteady Bernoulli equation in the following
form:

p——p[?—u@%wwj ©)

Then, the hydrodynamic force F, and moment N,- acting on Ship i can be determined:
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F, =~|[ piidS , M, =~{[ p( x i))dS (10)
5 S
where 77 =(x,,¥,,2,) .
3. Solution procedure of the panel method based on NURBS
In present study, not only the body geometry, but also the source density is u."cribc! by NURBS. The

expressions of an arbitrary point P and the distributed source density o or "¢ bo.; surface at a given
moment take the forms:

m_ n

ZZWiJ‘Dy‘Nf,k ()N, (v)
P(u,V) = I=Omj=0n (1 1)
;Z:;WUNM ()N, (v)
i=0 j=
ZZWI‘]'S:;‘NM ()N, (v)
o (uv) =3 (12)
i=0 j=0 Wy ()N )

where u, v are the parameters representing two directions of 1.~ body surface and u, v € [0,1]; Dj; is the
control point of the body surface, S;; is the control poin. -t ine aistributed source at a given moment; wy; is
the weight in relation to the control points; m, n are the numc **s of the control points in the u, v directions,
respectively; Nix(u), N;;(v) are the B-spline basis fur. now , * [ are the degrees of B-spline basis functions,
which is chosen as 3 in the present study, providing a C  ontinuous representation of the body surface.

3.1 Space discretization

The surfaces of Ship 1 and Ship 2 are discretized . to m(S1)xn(S;) and m(S,)xn(S,) panels, respectively.
m(S7) and m(S,) denote the panel numbers in the transverse direction, while n(S)), n(S,), n(B1) and n(B;)
denote the panel numbers in the longi’udinal direction. The total number of the collocation points is

(m(S)+1)x(n(S)+1) +(m(S,)+1)x(n(. V+1)

The source point Q(u, v) is distribut. ! o". the sauss points of each panel on the boundary surfaces. In the
present study, 2x2 Gauss points a ¢ suffi. '~ i, as shown in Fig. 2.

- collocation point
= singularity source point

Fig. 2. Sketch of source distribution on the hull surface

Substituting 1 -. (12) into Eq. (7), it follows:
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i=0 j=0
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where R =[E (u,,v,)-H (u,,v,)~ F* (4yv,) and E=P,-P,, F=F,-P,, &« =P -,

I u v v

The B-spline basis function N, (u) is a recursion function, and takes the orm s below.

, if u, Su<u,,
10() { "

0, otherwise

U—u u.,.—u
Ni,3(”)= —N,,(u)+— ——uv,,, () (14)

- —u
1

i+3 i i+4

stipulate % =0

The discrete form of the Fredholm integral equation o sev °nd kind is satisfied on the collocation points P(u,
V()).
For the collocation P(u, vo) on the surface of Ship . the space discrete equation takes the form as follows:
m(S;) n(S;) s
2z Z Z S'Nis (g )N 5 (vy) +

i=0 j=0

m(Sl )n(S))
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(
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71 (P(uy,v,)) R dudv+

m(By) n(B,) 1 a1 1

N N (u):. (Vv i (P(uy,v,)) R dudy
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For the collocal. »n P(i",, vo) on the surface of Ship 2, the space discrete equation takes the form as follows:
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+
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(16)
Satisfying Eqs. (16) and (17) on each of the collocation points, and a. sembling them into a matrix form, it
follows:
ASS 48 i '_Ul
[
ASQSI AS2S2 S,'z | Lbjz
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m(S,)n(Sl} 1p1 \ 1
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4 _2”§;N1'3(MI)NM )+ o = "‘H. { [P(u,.v,).0(u.v)] FI:P(U[’VJ)’Q(M,V):I} (Pl )R duc,
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S =87 (i=0,1,...m(S)),j =0.1,...,n(S,))
S, =853 =0,1,..,m(S,), j = 0,1,...,.n(S,))
by =Upn, (P(u,.,vj))(i =0,L...,m(S,)), j=0,1,....n(5,),] =i+ jx(n(s,)+1))
L =0 (P@v)) (i =0,1..m(S,), j=0,1,...n(S,), ] =i+ jx(n(S,)+1))
By solving the ‘iscretized Eq. (17), the control points S for source density can be determined; then by
substituting S; into Eq. (12), the source density on the body surfaces is obtained, and from Equation (5), the

velocity potential at arbitrary point in the fluid field can be determined. Finally, the hydrodynamic
interaction forces can be calculated according to Eq. (10).



3.2 Time discretization

To update the velocity potential on the ship surfaces during the unsteady relative motir as between the two
ships and to mimic the change of positions for each ship, a time-stepping method is us ... ‘Xu et al. [24]). At
each time step, the longitudinal position of Ship 1 and Ship 2 are updated as defined by Eqgs. “18) and (19),
respectively. The velocity potential ¢ is updated from Eq. (5), and the pressure is ¢ ¢te. nined by Eq. (20) at

each time step:

_5 (t+Ar)—x, (1)

v, - (18)
_x (1+A1)=x, (1)
U= (19)
At)—
p=—p(¢<t+ Atz ¢(t)—Ul¢x+%V¢'V") (20)

4. Ship geometries

There were four types of ships measured in Vantorre et al. [2|, '~fine . as ship C, D, E and H, respectively.
The main parameters of the real ships and ship models arc ~iven in Table 1 and Table 2, respectively.
Taking ships E and H as present numerical study objects *-~ ;= ,dynamic interaction forces on these two
hulls are calculated. According to Vantorre et al. [2], >.'n E was selected as own ship (indicated by
subscript ‘p’), while Ship H used as target ship (ind" -~*od by subscript ‘7’). The speeds of own ship and
target ship are denoted as Uy and Uy, the breadth of ov m  aip and target ship are denoted as By and By, the

draft of own ship and target ship are denoted as 7. nd 7, respectively.

Table 1 Main parameters ~*the s ip models (Scale ratio is 1:75)

Ship C D E H
Ship type bulk carrier ' container carrier large tanker small tanker
Ship length L (m) 3.984 3.864 3.824 2.210
Breadth B (m) 0.504 ) 0.550 0.624 0.296
Draft 7 (m) 0.155| 0.18 | 4,20 | 0..55| 0.18 | 0.20 | 0.136 | 0.207 | 0.256 | 0.125 | 0.178
Bl""kg;’?_f)ﬁ‘“em 0.829 | 0.843 1 0.27 | 0.561 | 0.588 | 0.609 | 0.798 | 0.816 | 0.829 | 0.796 | 0.83
Table - Main parameters of the real ships
Ship C D E H
Ship type hulk . rtier container carrier large tanker small tanker
Ship length L (m) 7988 289.8 286.8 165.8
Breadth B (m) 375 41.25 46.8 222
Draft 7 (m) 1631 155 [ 150 [11.63] 135 | 150 | 102 [ 1553 ] 192 | 9.38 | 13.35
BIOCkCC:‘zf)ﬁ”em 1829 | 0.843 | 0.857 | 0.561 | 0.588 | 0.609 | 0.798 | 0.816 | 0.829 | 0.796 | 0.83

The NUR 1S pane s of Ship E and H are shown in Fig. 3.

(a)
Fig. 3. Ship surfaces represented by NURBS: (a) Ship E; (b) Ship H

=
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5. Numerical results and discussions

The numerical results of hydrodynamic forces and yaw moment are normalized as:

CF;\ = 1 FM > CF;y = 1 . > Cx’n = 1 _M’” (21)
~pLTUL~U,U, +U}) S PLIWG U, +U7) 2 PLT,=U Uy +U)

where i corresponds to own ship or target ship. It should be noted that onl" thc¢ hvdrodynamic interaction
forces and moments acting on own ship are investigated.

As an important parameter in ship-ship interactions the normalized lo .gitudi: al distance between the two
ships, &=2.08T/(LotLy), is used to replace time ¢ in the time stepping nethod. Considering the reality that
the interaction hydrodynamic forces vanish to zero when the longit~Jina. '"_.ance between ships is larger
than two times of ship length, the calculation starts at an initial pc sitior v.”&=—2.0 and ends at the position
of &=2.0.

5.1. Validation cases
5.1.1. Ship E meeting Ship H

According to the experimental conditions and the coordina.. systems defined in Fig. 1, own ship’s speed in
full scale is Up =12knots (6.1728m/s), target ship’ ~=d is Ur = 12knots (6.1728m/s), the broadside
distance between two ships yp, = 11.1m = 0.237B,, «°d che water depth 2 = 18.63m =1.27,. Before the
validation of numerical results, a convergence stu  shou'd be conducted. According to the previous study
in Xu and Zou [23], 30x20 panels on each hull anc the “ime step of 0.705s are appropriate. Also, for the
infinite image Green function in Eq. (6), the trr ..>*»d \ ~rsion takes the form as Eq. (22), and the number of
reflections n=6 is sufficient. The computational 1.>del of Ship E meeting Ship H is shown in Fig. 4. The
predicted surge force, lateral force and yaw moment acting on own ship during meeting are shown in Fig. 5,
comparing with both experimental data [~ | ana =sults from the constant panel method [16]. Obviously, the
results verify that the interaction forces . ~d mom :nts between the two ships are notable within twice of the
ship length and vanish to zero as the n ;mina. ‘i .ance becomes larger than 2.0.

vz an )=y (i+_iJ 22)

The surge forces are characterized by aegative at £ <0 (the peak value occurs around &=—0.5), while
positive at > 0 (the peak - alur occurs around &= 0.4). The lateral force is characterized by an initial
repulsion, followed by atti.~tica and finally repulsion force again. The peak value of repulsion occurs
when ¢~=+0.8, while the peak v."™e of attraction occurs when £~ 0. For the yaw moment, there are four
phases to be distingu’,hed wkhich are characterized by consecutive actions of bow repulsion, bow
attraction, bow repulsion . d br w attraction. The peak value of bow repulsion occurs when £~—0.8 and &=
0.3, and the peak va’.c of bow attraction occurs when £~—0.3 and £~=0.8.

For the surge force, v ~th t+_ present results of high-order panel method and those of constant panel method
agree well with the evoerimental measurements. For the lateral force, both methods approximately agree
with, while a 1 't smalli r than the experimental measurements at the repulsion stage. It may be mainly due
to that the nume. ~~! - _sults of the present high-order panel method and those of constant panel method are
based on t. ~ ' ~~tial flow theory with the assumption of inviscid flow and low speed under which the
wave-making e fect is ignored. According to Pinkster [33], when two ships navigating in open water with
low speeds, th wave-making effect does not have remarkable influences on interaction forces and
moments. Therefore, the viscosity of fluid may be the main reason causing under-predicted results.
Similarly, for the yaw moment, both results agree well with the experimental measurements, while the peak
values of numerical results are slightly smaller than those of experimental measurements.
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Fig. 4. Computation model of Ship E meeting Shir ™!
CFx 0.024 ] —&— High-order panel n.. “od

(H 8 —©— Constant anel me’~od

---4--- Experim 1t

¥
A % ally
25 Mi0iR0 25
3
-0.0184
-0.0244
(0

—&— High-order panel method
—6— Constant panel method

---4--- Experiment

-0.15
(b)
Cn 0.04 ] —=&— High-order panel method
0.03 1 —©— Constant panel method
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(c)
Fig. 5. Validation of surge forces, lateral forces and yaw moments acting on own ship during meeting;
WTo=1.2, yp,=0.237Bg, Up=—Ur =6.1728m/s
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5.1.2. Ship E overtaken by Ship H

In accordance with the model test conditions, own ship’s speed Uy = 8knots (4.1 (52nys, target ship’s
speed Ur= 12knots (6.1728m/s), the broadside distance between two ships yp, = J. 7B, and the water
depth 2 =18.63m = 1.2T,. Similarly, according to the previous convergence stu. ‘v [".3], 30x20 panels on
each hull and the time step of 4.229s are appropriate. Still, for the infinite ima_= Gre = function truncated
terms, n=6 is sufficient. The computational model of Ship E overtaken by Shio h "~ shown in Fig.6. The
calculation data of surge force, lateral force and yaw moment acting on own shi ™ are compared with both
experimental data [2] and results from the constant panel method [16] dui. *o r vertaking, as shown in Fig.
7.

Obviously, the interaction forces and moments emerge in the longi. 'dinal ¢ istance between two ships
within twice of ship length and vanish to zero as the distance tends .. be i..ger. Moreover, the surge force
is characterized by negative at £<0 (the peak value occurs near &= —0 7, . "hile characterized by positive at
&> 0 (the peak value occurs at £=0.5). The lateral forces are charac.crized py an initial repulsion, followed
by attraction and finally repulsion again. The peak value of repuls. >n occurs when ¢ ==0.7, while the peak
value of attraction occurs when £~ 0.2. For the yaw momen* there a 2 four distinguished phases. That is,
two consecutive bow repulsion and bow attraction. The pe~k va. '@ ¢ bow repulsion occurs when ¢~—0.3,
and the peak value of bow attraction occurs when £~0.3.

For the surge force, both the present numerical results v, '*h high-order panel method and those with
constant panel method agree well with the experime ... ~~asurements. While at the negative surge force
stage, the peak values of numerical results are smallei t an those of experimental measurements. For the
lateral force, the numerical results of both methoc « ~nprc -imately agree with, while a bit smaller than the
experimental measurements, and the present numen. al . ‘sults of high-order panel method are even better.
It is mainly because that both methods are L ... ~1. the potential flow theory with the assumption of
inviscid flow, and the numerical results are based ¢ ~ the assumption of low speed, and wave-making effect
is ignored. According to Xu and Zou [23], viscous etfect of fluid does not have remarkable influences on
interaction forces during two ships over aking t low speed in open water. Therefore, the wave-making
effect is the main reason that cause i. ~ small r numerical results. For the yaw moment, the present
numerical results of high-order pa el mc.~ d agree with those of constant panel method almost
unanimously, while the peak valu' s o’ the numerical results are smaller than those of experimental
measurements by almost 40% during .. bov repulsion stage.

It is shown that the present hig 1-o1 > panel method based on NURBS is able to predict qualitatively the
tendency of the interaction fo~ -~s, while as the calculation is under the frame of potential flow theory, and
the wave-making effect is ‘gnor :d under the assumption of low ship speed, thus the present numerical
results are slightly smaller the.” nose of experimental measurements.

Ship H

Fig. 6. Computation model of Ship E overtaken by Ship H
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—©— Constant paner. ~ od
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---=&--- Experiment -0.10-
(b)
“n 0.05 ] —&— Hight-order panel method
‘AO‘4 . —6— Constant panel method
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Fig. 7. Validati. n of sur e forces, lateral forces and yaw moments acting on own ship during Ship E
overtan n bv ship H; i/Tp=1.2, y,,=0.237B¢, Up=4.1152m/s, Ur=6.1728m/s

5.2. Influence o,"water lepth
5.2.1. Case . S’ p . meeting Ship H

To investigate wae influence of water depth on the hydrodynamic interaction forces during meeting,
calculations are conducted for different water depth to draft ratios #/Tp=1.2, 1.3, 1.5, 1.8 and 2.0, while the
lateral distance between ships’ broadsides is y, = 0.237B0, own ship’s speed Uy = 12knots (6.1728m/s),
and target ship’s speed Ur = 12knots (6.1728m/s). The surge forces, lateral forces and yaw moments acting
on own ship are shown in Fig. 8.
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Fig. 8. Comparison 0. - s forces, lateral forces and yaw moments acting on own ship at different ratios of
water .epth t¢ own ship’s draft in meeting condition; y,,= 0.237B¢, Up=—Ur=6.1728m/s

~~n that the tendency with varying ship-ship longitudinal distance is similar to previous
validation c. e of meeting ships (see Fig. 5), while with different water depths, the magnitudes of the
hydrodynamic «teraction force and moment increase with the decrease of water depth, and vice versa. It’s

known as shallow water effect. A remarkable increase of the force and moment can be found when #/Tp £

5.2.2. Case of Ship E overtaken by Ship H
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To investigate the influence of water depth on the hydrodynamic interaction forces during overtaking,
calculations are conducted for different water depth to draft ratio #/Tp=1.2, 1.3, 1.5, 1 *, and 2.0; while the
lateral distance between ships’ broadsides y,, =0.237Bo, own ship’s speed Up=28 kr . ~ (4.1152m/s), and
target ship’s speed Ur=12knots (6.1728m/s) remain unchanged. The surge forces, 1ateral . *ces and yaw
moments acting on own ship are shown in Fig. 9. The tendency against the watr. a. oth is similar to the
meeting case: the magnitudes of the hydrodynamic interaction force and moment «cre «se with the decrease

of water depth, and the increase is also more notable as 4/To £1.5.

CFx 0.025

—— T =12 0.020
—a—T,=1.3 0.015

25 20 -15

—o—. 7 <18
: —< WT2.0
-0.025
(»\
CFy 0.04]

2.5 5L 1 f 10 15 20 25

—e—WIT,=15
—o— T~ 2

—o—WT~18

AW —<—hT,=2.0

-0.06
(b)
Cn 0.03 5
—o— T 15
o hT,=12 1 —o—WT,=18
—& W13

Fig.9. Comparison of surge forces, lateral forces and yaw moments acting on own ship at different ratios of
water depth to own ship’s draft during Ship E overtaken by Ship H;
v =0.237Bo, Up=4.1152m/s, Ur=6.1728m/s
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5.3. Influence of lateral distance between ships

5.3.1. Case of Ship E meeting Ship H

To investigate the influence of the lateral distance between ships during meeting, 1iff’ cent lateral distances
between ships’ broadsides are simulated, including y,=0.25B¢, 0.50B¢, 1.00 A, 2.."Bg, 3.00B¢, 4.00B¢
and 5.00B8, while the water depth 4#/Tp=1.2, own ship’s speed Up=12knots (6.1/.°m/s), and target ship’s
speed Ur= 12knots (6.1728m/s) are the same as the validation case. The - urg *orces, lateral forces and
yaw moments acting on own ship are shown in Fig.10. The tendency is sir. ‘lar or different lateral distance
between ships during meeting, and the magnitudes of the hydrodynamic in. -action force and moment
increase with the decrease of lateral distance between ships, and vice - ersa. I.’s because of the emergence
of asymmetry flow, and asymmetry flow is intensified with the decreas - of late al distance. There is a clear

increase of force and moment at y,, = 2.00B, and when the distar _c is smailer, the increase is even more

pronounced.

CFx 0.025+

- By, =0.258B,

—e—y,=0.50B,
Ay 1005,

—7—y},=2.00B,

-15-
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2.0 -1.5
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—&—y,;,=1.00B, ——ypp=4.00
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(c)
Fig.10. Comparison of surge forces, lateral forces and yaw momenw. ~cting on own ship at different lateral
distances in meeting condition; #/Tp=1." Up=— Jr=6.1728m/s

5.3.2. Case of Ship E overtaken by Ship H

Similarly, to investigate the influence of the lateral di.‘anc _iween ships on the hydrodynamic interaction
forces during overtaking, calculations are conductec for different lateral distances between ships’
broadsides with the same variations as with the me. .. ~ ca. es in Section 5.3.1, while the water depth #/Tp=
1.2, own ship’s speed Uy = 8knots (4.1152m/s). and . rget ship’s speed Ur=12knots (6.1728m/s) keep the
same as the validation case. The surge forces, 'acia. forces and yaw moments acting on own ship are
shown in Fig.11. The tendency is similar to the 1. eting case: intense ship-ship interaction forces and

moment should be noted especially when - ,, = > 00B.

0.0259 CFx

+ybl“ J.257 o

0.020
—e—y =00 'R,
~ 0.015
—&— ), =1.00B,

0.010
2 Vbb=2.OUBO

0.005

+ybb:3OOB()
< ybb:4()OB()
+ybb=5003()
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Fig. 11. Comparison of surge fo . ~s, laterai forces and yaw moments acting on own ship at different lateral
distances during Ship .« over. “en by Ship H; 7/Tp=1.2, Up=4.1152m/s, Ur=6.1728m/s

5.4. Influence of ship speeds
5.4.1. Case of Ship E m etin [ Shiv H

To investigate the “.ruence uf ship speed on the hydrodynamic interaction, calculations are conducted
from two aspects, t. at is, ov n ship’s speed and target ship’s speed.

(a) Influence o “own sh p’s speed

To investig~*~ the mrluence of own ship’s speed, calculations are carried out for own ship’s speed Up=0, 4
knots (2.05 40 s), 8 knots (4.1152m/s) and 12 knots (6.1728m/s). Target ship’s speed Ur = 8knots
(4.1152m/s). 1 ~e lateral distance between the broadsides of two ships yy, =0.237B¢ and the water depth
h/To=1.2 remain unchanged. The surge forces, lateral forces and yaw moments acting on own ship are
shown in Fig. 12. The magnitudes of the hydrodynamic interaction forces and moment tend to be larger

with the increase of own ship’s speed, typically as Up 2 4knots (2.0576m/s).
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Fig. 12. Comparison ~* < .cge forces, lateral forces and yaw moments acting on own ship at different own
,hip’s ¢ meed in meeting condition; A/Tp=1.2, yp,=0.237B¢, Ur=—4.1152m/s

- ~ftarget ship’s speed

A series of i get ship’s speed is considered in the investigation: Uy = 0, 4knots (2.0576m/s), 8knots
(4.1152m/s) anc 12knots (6.1728m/s). Own ship’s speed Uy = 8knots (4.1152m/s), the lateral distance
between the broadsides of two ships y;,=0.237B, and the water depth 4/Tp=1.2 remain unchanged. The
surge forces, lateral forces and yaw moments acting on own ship are shown in Fig. 13. It can be seen that
the tendency against the ship position is similar to the validation case, while a pronounced increase of force
or moment caused by the ship-ship interaction can be observed when there is an increase in relative speed
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between own ship and target ship.

By comparing the influence of own ship’s speed with that of target ship’s speed, it car be seen that target
ship speed plays a more remarkable role in hydrodynamic interaction forces and m ... »at than own ship
speed does.

—e— UT=0 knots
——U=4 knots
—2—U=8k o

—s— U= kno',

—e&— U,=0 knots
—o— UT=4 knots
—&— U,=8 knots

—— UT=12knots

—a— UT=8 knots
—— UT=12knots

Fig. 13. Couw vr /ison of surge forces, lateral forces and yaw moments acting on own ship at different target
~hip’s speed in meeting condition; #/Tp=1.2, yp»=0.237B¢, Up=4.1152m/s

5.4.2. Case of Ship E overtaken by Ship H
(1) Influence of own ship’s speed
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To investigate the influence of own ship’s speed, calculations are carried out for own ship’s speed Up=0,
4knots (2.0576m/s) and 8knots (4.1152m/s). Target ship’s speed Ur= 12knots (6.1728m/s). The lateral
distance between the broadsides of two ships yu, = 0.237Bo and the water depth 2/Tp = 1.2 remain
unchanged. The surge force, lateral force and yaw moment acting on own ship are sk . ™ in Fig. 14. Still,
comparing with the validation case in Fig. 7, a similar tendency against the ship-ship positi,. can be found
with different own ship’s speed during overtaking. With the increase of own ship’, sy »ed, and the relative
motion between own ship and target ship is decrease, the magnitudes of the hydrc 1vn: .nic interaction force
and moment decrease slightly. But the decrease of lateral force peak value a b’* moi. 2bvious than that of
surge force and yaw moment.

CFx 0.020
0.015

—=— U, 0 knots
—— knots

— U,=8 knots

25 20 15 -0 - % B 10 15 20 25

—e— U 0=0 knots
—— U4 knots
—— U O=8 knots

—e— U0 knots
—o— U4 knots

—— U8 knots

Fig. 14. Comparison of surge forces, lateral forces and yaw moments acting on own ship at different own
ship’s speeds during Ship E overtaken by Ship H; #/Tp=1.2, y»,=0.237B¢, Ur=6.1728m/s
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(2) Influence of target ship’s speed

Calculations are carried out for target ship’s speed Ur = 6knots (3.0864m/s), 8knots (4.1152m/s) and
12knots (6.1728m/s). Own ship’s speed Uy = 4knots (2.0576m/s). The lateral d’.tance between the
broadsides of two ships vy, =0.237B, and the water depth 4/Tp=1.2 remain the se ne. ~he surge forces,
lateral forces and yaw moments acting on own ship are shown in Fig. 15.

25 20

—=—J,=6 ' .nots
—e— _” =8 knots

4— U =12knots

AN

25 20 -15 <10 -0Rsg) A5 10 15 20 25

—a8— UT=6 kr ts
—e— U,=8 "nots

—— U= 2Kkr ots

- :
25 =20 2.5

—=— U =6 knots
—— U8 knots

——U=1 2knots

Fig. 15. Comparison of surge forces, lateral forces and yaw moments acting on own ship at different target
ship’s speeds during Ship E overtaken by Ship H; 7/To=1.2, yp,=0.237B¢, Ug=2.0576m/s

By comparing the influence of own ship’s speed with that of target ship’s speed, it can be seen that in the
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overtaking case, the variation of target ship’s speed also plays a more remarkable role in hydrodynamic
forces and moment acting on own ship than own ship’s speed does. For both Figs. 14 and 15, this
phenomenon is reasonable as during the overtaking target ship has larger speed than ov a ship, thus a more
remarkable influence of target ship is expected.

6. Concluding remarks

The ship-ship interactions in meeting and overtaking conditions have been nur ~erica." studied by using a
high-order panel method based on NURBS, and the hydrodynamic forces and mc ~ents on own ship are
predicted. The boundary integral equation is solved at each time step. Uns er t = assumption of low ship
speed, the effect of free surface elevation is ignored. Comparisons with e. ~er’ nental measurements show
that the present method is effective.

The influences of finite water depth, lateral distance between ships’ L -oadsid' s on interaction forces and
moments are analyzed in detail. It is found that the tendencies ~* the ... raction forces and moments
against ship-ship longitudinal distance are qualitatively simila at .. >rent water depths and lateral
distances between ships, but some notable increases of interaction i..ce ar + moment can be observed when
the water depth or ship-ship distance is reduced, from which the 1. ‘ting water depth and ship-ship distance
indicating intense ship-ship interactions can be identified.

The influences of own ship’s speed and target ship’s spe.? are also investigated and shown to be
noticeable. By comparing the influence of own ship’s sy .~ ... iat of target ship’s speed, it can be found
that the speed of target ship plays a more remarkable role . hydrodynamic forces and moment acting on
own ship than own ship’s speed does, both in meeting .. ' ~vertaking conditions.

The present high-order panel method is able to p. . ict q. alitatively the tendency of the interaction forces
between real ship forms. The further study will focu." oi. »xtending this method to investigate the ship-ship
interaction problems taking the linear bounda - :~~.‘ons on the free surface and viscous corrections of
fluid into consideration.
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Highlights

*  Ship-ship interaction in shallow water is investigated by a high-order panel me*hod;

¢  Interaction hydrodynamic forces during meeting and overtaking are predicter,

¢ The method is validated by comparing the numerical results with experimental data,

¢  Computations are conducted at different water depth, ship-ship distance - .nd ¢ .ip speed;
*  The influences of water depth, ship-ship distance and ship speed are demon.. ~ated.



