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Abstract

High-speed vessels are prone to the surf-riding in adverse quartering seas. The possibility of mitigating the surf-riding of the ITTC A2 fishing
vessel in the design stage is investigated using the 6-DOF weakly non-linear model developed for surf-riding simulations in quartering seas. The
longitudinal position of the ship's center of buoyancy (LCB) is chosen as the design parameter. The adjusting of LCB is achieved by changing
frame area curves, and hull surfaces are reconstructed accordingly using the Radial Basis Function (RBF). Surf-riding motions in regular
following seas for cases with different LCBs and Froude numbers are simulated using the numerical model. Results show that the surf-riding
cannot be prevented by the adjusting of LCB. However, it occurs with a higher threshold speed when ship's center of buoyancy (COB) is moved
towards stem compared to moving towards stern, which is mainly due to the differences on wave resistance caused by the adjusting of LCB.
Copyright © 2016 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In following and quartering seas, ships can be accelerated
to sail in wave celerity with the coaction of the wave surge
force, the propeller thrust and the ship resistance. This is
known as surf-riding. Surf-riding is considered as the prece-
dent of broaching. Thus in the level 2 vulnerability criteria for
the surf-riding and broaching (IMO SDC2/WP.4, 2015), the
critical Froude number Fncr corresponding to the threshold of
surf-riding (surf-riding occurs under any initial conditions) is
taken as a key parameter. Therefore, it is of great interests to
find ways of surf-riding mitigation to ensure the ship's oper-
ational safety.

After the pioneering work of Grim (1951), researches on
the surf-riding focus on its dynamic properties by means of
nonlinear dynamics approaches (Makov, 1969; Kan, 1990;
Spyrou, 1996; Umeda, 1999), numerical simulations (Umeda
and Hamamoto, 2000; Umeda and Hashimoto, 2002; Spyrou
and Tigkas, 2011; Yu et al., 2014) and model experiments
(Umeda et al., 1999). These works promoted the development
of the second generation intact stability criteria for the surf-
riding and broaching as the amendments to Part B of the
2008 IS code (IMO SDC2/WP.4, 2015). Recently a lot of ef-
forts are dedicated on the prediction and detection of surf-
riding in both regular and irregular seas using analytical
methods and the Melnikov analysis (Kan, 1990; Spyrou, 2006;
Wu et al., 2010). Maki et al. (2010, 2014) proposed an
analytical formula for the prediction of the surf-riding
threshold through applying the Melnikov analysis to the per-
turbed system. Another formula based on the Continuous
Piecewise Linear (CPL) approximation which was believed to
be more transparent in obtaining the solution was also
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proposed in their researches. The possibility of detecting the
surf-riding in the long-crest irregular wave was investigated
based on a novel concept which calculated the “instantaneous
wave celerity” by finding the point of maximum wave slope on
the down-slope of the wave nearest the ship (Spyrou et al.,
2014).

Despite the efforts on the criteria development, prediction
and detection of surf-riding, few works are done on the miti-
gation of surf-riding in the design stage. Kan (1990) proposed
the critical speed formulation as a practical guideline to avoid
surf-riding based on model experiments and numerical simu-
lations. Tuite and Renilson (1997) conducted a full investi-
gation on the effect of principal design parameters including
the beam, draft, center of gravity and rudder size on the
broaching of a fishing vessel in following seas. Based on
simulation results, the rudder size was found to be the domi-
nant factor influencing the behavior of a vessel in following
seas. A method was proposed to determine the minimum
rudder size required for similar hull shapes. Except for the
design parameters considered by Tuite and Renilson (1997),
parameters such as ship's principal dimensions (ship length,
breadth, depth, draught, block coefficient, etc.), the position of
Center of Buoyancy (COB) and the Center of Floatation
(COF) may have large effect on the wave surge force which is
one of the key factors for surf-riding. Hence, it may be
possible to mitigate surf-riding through the adjustment of
these design parameters.

Among the ship design parameters, the change of ship's
principal dimensions may cause significant drawback on the
ship's overall performance. Thus the adjustment of the longi-
tudinal position of COB (LCB) may be possible with relatively
smaller influence on the ship's overall performance. The LCB
of a ship represents the longitudinal distribution of ship
displacement. It has a significant effect on the ship resistance
especially, the residual resistance. Moreover as the COB
moved towards stem, less displacement is distributed in the aft
part and smaller surge force is expected when the aft part sits
on the downslope of a steep wave. Thus the threshold of surf-
riding i.e. the critical Froude number Fncr may be higher.
Therefore in this paper, the possibility of mitigating surf-
riding through adjusting LCB in the design stage is investi-
gated. The optimum range of the ship's LCB is normally
determined by the distribution of weight, trim requirements
and minimization of wave resistance. In order to investigate
the effect of LCB on surf-riding, the variation of LCB is
confined within an acceptable range considering the re-
quirements on the ship's weight distribution, trim and wave
resistance. The adjusting of LCB is achieved by the changing
of frame area curves while keeping the ship's displacement and
block coefficient unchanged. Based on new frame area curves,
hull NURBS surfaces are reconstructed.

A 6-DOF weakly nonlinear model proposed by Yu et al.
(2014) considering sea-keeping motions at low frequency,
maneuvering motions and nonlinear surge FroudeeKriloff
forces is developed for the simulation of surf-riding in
following seas. Several hull forms with different LCBs are
generated based on the original hull form of ITTC A2 fishing

vessel (NAOE Osaka University, 2015). Numerical simula-
tions of surf-riding in following seas with various speeds are
conducted using the 6-DOF model with different hull forms.
Based on results of numerical simulations, the influence of
LCB on the threshold of the surf-riding is investigated.

2. Mathematical model

2.1. Maneuvering and seakeeping model

The mathematical model for the simulation of surf-riding is
the 6-DOF weakly non-linear model which couples the
maneuvering motion with seakeeping motion. Since the
encounter frequency in the following wave is small, wave
loads are generally small and the maneuvering model is nor-
mally enough. Seakeeping motions seem to be unnecessary
(Renilson, 1982). However the seakeeping motions especially
heave and pitch motions are still important for the consider-
ation of the rudder and propeller emersion and the calculation
of the nonlinear wave surge force. Therefore, the seakeeping
motion is still kept in the mathematical model in this study.

In the model, three coordinate systems, the earth fixed
coordinate Oe-xeyeze, the body fixed coordinate O-xyz and the
horizontal body axes coordinate O-xhyhzh are used as shown in
Fig. 1. The origin O is chosen as the ship center of gravity. The
position, velocity and force vectors are defined as:

h¼ ½x;y; z;f;q;j�T ;n¼ ½u;v;w;p;q; r�T ;
f ¼ ½X;Y ;Z;K;M;N�T

ð1Þ

The ship forward speed is ~U ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2

p
.The velocity

vector v which is defined in the body-fixed coordinate is
transferred to the earth-fixed coordinate:

_h¼ �
_x; _y; _z; _f; _q; _j

�T ¼ ½U;V ;W ;P;Q;R�T ¼
�
R3�3 03�3

03�3 Q3�3

�
n

ð2Þ
where U, V, W, P, Q and R is the velocity in the earth-fixed
coordinate, R3�3 and Q3�3 are transfer matrixes as
described in Yu et al. (2014).

The sea-keeping motion is simulated by a 5-DOF model
based on the Impulse Response Function (IRF) approach
(Cummins, 1962):

Fig. 1. Definition of coordinate system and ship motions.
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where mij and aij(∞) stand for the ship mass and the infinite-
frequency added mass. Kd and YH represent the rudder roll
moment and the hull force on y direction. zH is the vertical
position of the acting point of YH. The centrifugal force -zHYH
is included in the roll equation. The restoring forces, Frou-
deeKriloff forces and diffraction forces are denoted as
Fres
i ðtÞ;FFK

i ðtÞ;Fdif
i ðtÞ. According to the IRF approach, the

radiation and diffraction forces are calculated in the frequency
domain by the panel method and transferred into the time
domain using the retardation function Rij(t). The restoring and
FroudeeKriloff forces are calculated nonlinearly through the
pressure integration on instantaneous wetted surfaces (Yu
et al., 2014). Bv is the viscous roll damping.

The maneuvering motions are simulated by a 3-DOF surge-
sway-yaw MMG model proposed by the Japanese research
group: Manoeuvring Mathematical Modelling Group (MMG)
(Ogawa and Kasai, 1978):

ðmþmxÞ _u�
�
mþmy

�
vr ¼ XH þXd þXw �XR þXP

� ðmþmxÞuv�
�
mþmy

�
_v

¼ YH þ Yd � ðIz þ JzÞ _r ¼ NH þNd

ð4Þ
where m, mx, my, Iz and Jz represent the ship mass, the added
mass in surge, the added mass in sway, the yaw moment of
inertia and the added moment of inertia in yaw. (XH, YH, NH)
are hull hydrodynamic forces (Yu et al., 2014). (Xd, Yd, Nd), XR

and XP are the rudder force, the resistance and propeller thrust.
The wave surge force Xw is calculated as:

Xw ¼ Fres
1 ðtÞ þFFK

1 ðtÞ ð5Þ

where Fres
1 ðtÞ and FFK

1 ðtÞ are the nonlinear surge quasi-static
pressure force and the FroudeeKriloff force. Fres

1 ðtÞ and
FFK
1 ðtÞ are calculated by the integration of the static pressure

and the incident wave pressure in the x direction over
instantaneous wetted surfaces. In order to maintain the zero
pressure on the instantaneous water surface z ¼ d(x,t), the
static pressure and the incident wave pressure are also modi-
fied (Liu et al., 1996):

Fres
1 ¼

XN

i¼1

AiP
res
i nxi Pres

i ¼ rgðdðxi; tÞ � ziÞ

FFK
1 ¼

XN

i¼1

AiP
FK
i nxi PFK

i ¼�rgdðxi; tÞ
�
ekdðxi;tÞ � ekzi

�

where N is the number of panels under the wave profile. P is
the static pressure. d(x,t) is the wave profile, (xi,yi,zi) are the
coordinate of the center of the panel i. Ai is the area of panel i.

Since the encounter frequency is small, Surge diffraction and
radiation forces are ignored. The propeller thrust and resis-
tance are calculated as:

XP ¼
�
1� tp

�
rKTD

4
Pn

2

XR ¼ r1 ~U þ r2 ~U
2 þ r3 ~U

3 ð6Þ

where tp, n, Dp, KT, ~U represent the propeller thrust deduction
factor, the rotation rate, the diameter and the ship speed. r1, r2,
r3 are fitting coefficients of the resistance curve. The model for
rudder forces and moments is modified to account for the
effect of the wave orbital velocity and the variation of rudder
area and aspect ratio caused by the rudder emersion (Yu et al.,
2015).

Finally it needs to be clarified that although the model is in
the form of 6-DOF numerically, only 3-DOF, namely the surge
in the maneuvering model and the pitch/heave in the sea-
keeping model, are used for the surf-riding in pure following
waves while sway, yaw and roll motions are zero. Thus the
term “6-DOF” model used in this paper is just a reference to
its form, only the 3-DOF part is used during the simulation.
Moreover in the numerical simulation, linear radiation and
diffraction forces of the seakeeping model are re-calculated
when the mean surging velocity in the maneuvering model
changes in one wave encounter period.

2.2. Surf-riding equilibrium and influence of ship's LCB
on surf-riding

When the ship sails in the regular following sea, the wave
surge force Xw, the propeller thrust XP, and the ship resistance
XR are the three main components dominating the ship surge
motion. The equilibrium exists when the ship is on the
downslope of the wave where the wave surge force pushes the
ship forward and compensates the difference between XP and
XR as shown in Fig. 2. Under certain conditions, the ship will
stay in the equilibrium and sail at the wave celerity, which is
the surf-riding.

The ship nominal speed is a critical factor for the surf-
riding in the following sea. When the nominal speed is
small, the amplitude of the wave surging force Xw is smaller
than the difference between the propeller thrust XP (equal to
the ship resistance XR(Un) at the nominal speed Un) and the
ship resistance XR(Cw) when the ship velocity is equal to the
wave celerity Cw. Thus only periodic surge motion happens.
When the nominal speed increases and the amplitude of Xw is
just around the difference between XP and XR(Cw). The surf-
riding may occur for certain conditions. For other condi-
tions, the periodic surge motion happens as the difference
between XP and XR(Cw) can still disperse the wave energy.
This nominal speed, under which the periodic surge motion
and the surf-riding coexist, is referred as “the first threshold”.
When the nominal speed increases to the extent that the dif-
ference between XP and XR(Cw) becomes too small to disperse
the wave surging energy. The surf-riding is inevitable. The
lowest nominal speed leading to the inevitable surf-riding is
called “the second threshold”.
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The change of the ship's LCB may affect the ship resistance
XR as well as the magnitude and phase of the wave surge force
Xw, which will have influence on the first and second thresh-
olds of surf-riding. When the COB moved towards stern, the
wave resistance generally becomes smaller (Sheng and Liu,
2005). This will affect the total resistance XR(Un), XR(Cw)
and the difference between XP and XR(Cw). Thus the threshold
of surf-riding may be affected.

The wave surging force Xw is also vital for the occurrence
of surf-riding. The wave surging forces Xw of hull forms with
different LCBs in the following regular wave are presented in
Fig. 3. The surging force is calculated ideally assuming that
the hull form is undistributed with no forward speed. In the
figure, the No.B0, B1 and B8 refer to hull forms with different
LCBs as shown in Table 2. It is found that the wave surging
force of each hull form differs due to the difference on the
longitudinal distribution of the ship displacement. The hull
form B1 with COB moved towards stern has a longer duration
of positive wave surging force comparing to that of the orig-
inal hull form B0, while the hull form B8 with COB moved
towards stem has a shorter duration of positive wave surging
force and a large duration of negative wave surging force.

These differences may have certain influences on the thresh-
olds of surf-riding.

2.3. Reconstruction of hull NURBS surface

To change the ship's LCB, the frame area curve of the
original ITTC A2 hull form (solid line) is modified firstly
based on the “1-Cp” method, as shown in Fig. 4. The “1-Cp”
method is able to change the ship's LCB while keeping the
ship displacement and block coefficient unchanged. In Fig. 4,
Point B is the desired center of buoyancy while Point B0 is the
original one. To achieve the desired center of buoyancy, the
original frame area at each station is moved by the value dxi
which is calculated as follows:

dxi ¼
�
xBB0

	
yB0

�
yi ð7Þ

where i is the station number. (xi,yi) is the point on the frame
area curve at the ith station. xBB0 is the longitudinal distance
between B and B0. yB0 is the coordinate value of B0.

Thus the modified frame area (the dashed line) with the
desired LCB is obtained. After the modification of the frame
area curve, new offset points at each station of the modified
hull form are decided accordingly as shown in Fig. 5, and the
desired variation of offset points DOi are obtained. Then the
variation of control points between the original hull form and
the modified hull form are calculated using the Radial Basis
Function (RBF):

DCi ¼
XN

j¼1

4
�
rij
�
Doj ð8Þ

where DCi and Doj are variations of control points and offset
points. N is the number of offset points. 4(r) is the Gauss
Function: exp (�εr2), one of the Radial Basis Functions and ε

is the parameter. rij ¼ kCi�Ojk is the distance between the
control point and the offset point.

Then the variation of the offset point Doj is calculated based
on the desired variation DOj as shown in Eq. (9). In Eq. (9), the

Fig. 2. Equilibria obtained by wave force, thrust and resistance.

Fig. 3. Wave surging force of different hull forms.
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desired variation of one offset pointDOj is decided by the sum of
variations of all the offset points through the RBF.

0

BB@

1 4ðR12Þ … 4ðR1NÞ
4ðR21Þ 1 … 4ðR2NÞ

« « 1 «
4ðRN1Þ 4ðRN2Þ … 1

1

CCA

0

BB@

Do1
Do2
«

DoN

1

CCA ¼

0

BB@

DO1

DO2

«
DoN

1

CCA

ð9Þ

where Rij ¼ kOi�Ojk is the distance between two offset
points. Finally, new control points are obtained and the
modified hull form with the desired LCB is reconstructed.

3. Numerical simulation

The mathematical model described in the previous section
is used for the simulation of surf-riding of the ITTC A2 fishing
vessel with different nominal speeds. Main particulars of the
ship and its model are shown in Table 1. All other data needed
for the numerical simulation including the hull geometry,
hydrodynamic derivatives, rudder/propeller characteristics and
the roll viscous damping can be found in Ref. (NAOE Osaka
University, 2015).

Based on the method described in the previous section, 8
hull forms with different LCBs (from B1 to B8) are generated
based on the hull form B0 of the ITTC A2 fishing vessel as

shown in Table 2. Then numerical simulations of surf-riding in
regular following seas are conducted with these hull forms.
During the simulations, different calculation cases with the
nominal Froude numbers varying from 0.30 to 0.45 and the

Fig. 4. The modification on frame area curve.

Fig. 5. The original and modified hull forms.

Table 1

Main particulars of ITTC ship A2.

Ship 1/15 model

Length between per-pendiculars, Lpp(m) 34.5 2.3

Breadth, B(m) 7.60 0.507

Depth, D(m) 3.07 0.205

Fore draught, df(m) 2.5 0.166

Aft draught, da(m) 2.8 0.176

Mean draught, d(m) 2.65 0.186

Block coefficient, CB 0.597 0.597

Radius of gyration, roll, kxx/Lpp 0.108 0.108

Radius of gyration, pitch yaw,

kyy/Lpp, kzz/Lpp

0.302 0.302

Longitudinal position of Buoyancy,

LCB(m)

15.94 A.P. 1.063 A.P.

Longitudinal position of Floatation,

LCF(m)

13.31 A.P. 0.887 A.P.

Metacentric height, GM(m) 1.00 0.0667

Natural roll period, TR (s) 7.4 1.9

Bilge keel model

Area, (m2) 5.10 � 2 0.023 � 2

Position of fore end 6.22 m fore 0.415 m fore

Position of aft end 8.60 m aft 0.573 m aft

Breadth, (m) 0.35 0.023
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wave length to ship length ratio l/Lpp setting as 1.637 are
chosen as shown in Table 2. The wave steepness is 0.06. In
order to identify the coexistence of the periodic motion and the
surf-riding, two initial conditions with different initial longi-
tudinal positions in wave are chosen for each case (Umeda,
1999). Here the ship relative position in wave xs.p. is defined
as follows:

xs:p: ¼�xBkw ð12Þ

where xB is the longitudinal distance between COB and a wave
crest. kw is the wave number. Two initial conditions with
(xs.p.)t¼0 equal to eLCBkw and e(LCB�l/2) kw correspond to
the ship's A.P. on the wave crest at t ¼ 0 and the ship's A.P. on
the wave though at t ¼ 0.

In order to avoid the major drawback on the ship's overall
performance, the change of LCB is confined within the range
of ±1.00 m (±3%Lpp) around the original LCB as shown in
Table 2, while keeping the displacement, the draft, CB, Cw and
CP almost unchanged. Moreover, the ship's LCG is changed
accordingly to maintain the same calm-water trim for all the
hull forms. 8 new hull forms are generated with the desired
change of LCB. There is a small bias on the actual change of
LCB and the actual displacement achieved as presented in
Table 2 due to the approximation feature of the “1-Cp”
method. These biases are acceptable, because the trend of
LCB adjusting is not affected.

The frame area curves of all the hull forms are shown in
Fig. 6. According to Table 2, the longitudinal position of the

center of floatation LCF from A.P., the fore and aft part
prismatic coefficient Cpf, Cpa change with the adjusting of
LCB. As the COB moving towards stern, the center of floa-
tation moves towards stern, the aft part prismatic coefficient
Cpa becomes large and more displacement is distributed in the
aft part. It may cause some effect on the wave surge force and
the ship resistance.

The total resistance of hull forms B0eB8 is calculated as
follows:

RT ¼ ð1þ kÞRF þ RW þ Rrudder

CT ¼ RT=0:5rU
2S

ð13Þ

The frictional resistance RF is calculated using the ITTC-
1957 friction formula. The form factor k and Rrudder is pre-
dicted based on the Holtrop method (Holtrop, 1984). The wave
resistance Rw, the trim and the sinkage are calculated by the
panel method using the commercial software Shipflow.

Total resistance coefficients of hull forms B0eB8 as well as
experiment results of B0 are shown in Fig. 7 and Table 3. It is
found that the wave resistance becomes larger as the COB
moving towards stem. These differences on the wave resis-
tance caused by the adjusting of LCB become quite significant
when Fn is larger than 0.45. Because in high Fn, the wave
resistance is the dominant component in the total resistance.
The difference on the total resistance has the same trend as the
difference in the wave resistance when Fn is larger than 0.45.
Thus the total resistance becomes larger as the COB moving
towards stem when Fn is larger than 0.45. The difference on

Table 2

Calculation cases for numerical simulation.

No. Wave angle (deg) Nominal fn. l/Lpp Wave steepness Desired DLCB (m/) Actual DLCB (m) Actual Disp. (m3) LCF (m) Cpf Cpa

B0 0 0.30e0.45 1.637 0.06 0/0%Lpp 0 440.9 13.31 0.688 0.854

B1 �1.00/�2.9%Lpp �1.085 446 12.74 0.597 0.931

B2 �0.75/�2.2%Lpp �0.830 445.6 12.87 0.618 0.914

B3 �0.50/�1.4%Lpp �0.565 444.3 13.01 0.639 0.894

B4 �0.20/�0.7%Lpp �0.188 440.7 13.42 0.667 0.864

B5 þ0.20/þ0.7%Lpp 0.184 439.5 13.44 0.700 0.828

B6 þ0.50/þ1.4%Lpp 0.607 437.8 13.61 0.725 0.799

B7 þ0.75/þ2.2%Lpp 0.777 437.1 13.78 0.747 0.777

B8 þ1.00/þ2.9%Lpp 1.051 436.5 13.95 0.772 0.756

Fig. 6. Frame area curves of the original and modified hull forms.
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the total resistance caused by the adjusting of LCB is large
around the wave celerity Fnc ¼ 0.527 as shown in Fig. 7. So
the threshold of surf-riding may be affected.

In Fig. 7, the differences on the total resistance of B0 be-
tween the calculation and the experiment are observed.
However, this research focuses on the relative trend of ship
resistance variations caused by the adjusting of LCB. The
absolute accuracy of the ship resistance prediction is neither
the main focus nor a factor significant enough to overturn the
conclusion on the trend of ship resistance variations caused by
the adjusting of LCB. Thus in order to investigate the influ-
ence of LCB on surf-riding, only the total resistance obtained
from the calculation is used during the numerical simulation.

Numerical simulations of the surf-riding in regular
following seas are conducted based on the cases in Table 2

using the 6-DOF model. The influence of LCB on the
threshold of the surf-riding is investigated in the next
chapter.

4. Results discussion

4.1. Code verification and validation

For the verification, surge velocities in following waves
obtained from the current 6-DOF model are compared with
surge velocities of the 1-DOF surge model provided by Feng
(2015) as shown in Fig. 8. During simulations, initial condi-
tions which are used in the two models are set to be the same.
Meanwhile the initial conditions which are only used in the 6-
DOF model are all set to be zero.

Fig. 7. Frictional and total resistance coefficients of the hull forms B0eB8 (Experiment results of the hull form B0 from NAOE Osaka University (2015)).

Table 3

Total resistance coefficients of the hull forms B0eB8.

Fn Exp.(B0) CT (B0) CT (B1) CT (B2) CT (B3) CT (B4) CT (B5) CT (B6) CT (B7) CT (B8)

0.1 9.100 9.341 9.269 9.287 9.324 9.338 9.371 9.391 9.413 9.438

0.15 8.100 8.302 8.236 8.253 8.285 8.298 8.329 8.345 8.364 8.387

0.2 7.800 8.021 7.941 7.957 7.989 8.002 8.030 8.050 8.068 8.091

0.25 8.000 8.510 8.438 8.456 8.500 8.509 8.539 8.570 8.594 8.627

0.3 10.000 10.097 10.030 10.049 10.125 10.127 10.162 10.221 10.256 10.305

0.35 12.800 12.109 12.014 12.043 12.159 12.155 12.199 12.302 12.361 12.442

0.4 15.000 14.393 14.319 14.295 14.443 14.409 14.458 14.505 14.531 14.597

0.45 19.800 18.991 18.867 18.815 19.068 19.002 19.083 19.141 19.168 19.263

0.5 24.400 23.511 22.925 23.030 23.484 23.540 23.830 24.077 24.231 24.431

0.55 25.700 24.802 23.963 24.171 24.728 24.863 25.279 25.637 25.867 26.129

0.6 25.689 24.684 24.963 25.587 25.778 26.276 26.709 26.991 27.291

0.65 25.313 24.275 24.565 25.189 25.387 25.889 26.341 26.631 26.939

0.7 24.295 23.330 23.602 24.190 24.379 24.853 25.276 25.550 25.840
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In Fig. 8, cases with three nominal Froude numbers (0.32,
0.38 and 0.43) under following waves (l/Lpp ¼ 1.637 and H/
l ¼ 0.06) are chosen for comparison. For Fn ¼ 0.32 and 0.38,
the ship is initiated with (xs.p.)t¼0 equal to eLCBkw while for
Fn ¼ 0.43, the ship is initiated with (xs.p.)t¼0 equal to
e(LCB�l/2) kw. From Fig. 8, it is found that the resulting
surge velocities of two models agree with each other qualita-
tively but hardly quantitatively especially for Fn ¼ 0.32. The
disagreement in Fn ¼ 0.32 is due to the fact that only the
linear FroudeeKriloff component is considered in the 1-DOF
model, which tends to overestimate the wave surging force
according to Feng (2015). However in the 6-DOF model, the
nonlinear surge quasi-static pressure force and FroudeeKriloff
force calculated over the instantaneous wetted surface are
considered which are smaller than the wave surging force in
the 1-DOF model. In Fig. 8, it can also be observed from the
surge velocity of the 6-DOF model that surge behaviors are
only partial periodic even in regular following waves. This is
mainly due to the weakly nonlinear feature of this 6-DOF

model. In the model, the restoring and FroudeeKriloff
forces are calculated nonlinearly over the ship's instantaneous
wetted surfaces accounting for ship motions in wave. More-
over, the wave's effect on the propeller's inflow velocity, the
rudder emersion in wave and the change of wetted surface area
are considered in the model. Due to the coupling of these
nonlinear effects, the nonlinear features in time histories of the
surge velocities are observed.

To further clarify the nonlinear effects, calculation results
for the smaller wave steepness H/l ¼ 0.02 in Fn ¼ 0.32, 0.38
are also demonstrated in Fig. 9. Due to the insignificance of
nonlinear effects in the small wave steepness, surge velocities
of two models agree with each other quite well.

To further validate the numerical model, results obtained
from numerical models are compared with results from model
experiments provided in NAOE Osaka University (2015).
Because no experiments in pure following wave are conducted
in the model experiments, the case in quartering wave with
wave steepness 0.1, l/Lpp ¼ 1.637, Fn ¼ 0.43 and wave di-
rection �10 are chosen for the comparison. Under this case,
the broaching after surf-riding occurred in the model experi-
ment. The time histories of the model experiment and the
numerical simulation are presented in Fig. 10. Through the
comparison, it can be observed that an exact agreement be-
tween experiment and simulation results is not obtained due to
the differences on initial conditions and strong nonlinearity.

Fig. 8. Surge velocity obtained from different models, (l/Lpp ¼ 1.637, H/

l ¼ 0.06).

Fig. 9. Surge velocity obtained from different models, (l/Lpp ¼ 1.637, H/

l ¼ 0.02, Fn ¼ 0.32, 0.38).
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Nevertheless, the general phenomenon of surf-riding after
broaching is captured by the numerical model and agrees quite
well with the model experiment. Thus the numerical model for
the surf-riding and broaching is preliminarily validated.

4.2. Results discussion

Numerical simulation results of the cases in Table 2 are
analyzed to investigate the influence of different LCBs on the
surf-riding. According to Section 2.2, there are three modes of
ship motions in following seas as the ship nominal speed in-
creases: the periodic surge motion, the coexistence of periodic
motion and surf-riding, and surf-riding. All three modes of
ship motions are recognized in the results. Their time histories
are shown in Figs. 11e13. In the Figures, the left plot shows
the result with the initial condition (xs.p.)t¼0 ¼ eLCBkw, while
the right one shows the result with the initial condition
(xs.p.)t¼0 ¼ �(LCB�l/2)kw. (a)e(e) represent time histories of
the yaw & rudder angle, the roll angle, the pitch & heave, the
ship velocity and the ship relative position in wave xs.p..

In Figs. 11e13, time histories of motion responses for the
original hull form B0 are presented. It can be found that the
three modes of motions in following waves: the periodic
motion, the coexistence of periodic motion and surf-riding,
and the surf-riding appear as the Froude number getting
higher. In Fig. 11 with Fn ¼ 0.35, the ship is doing the peri-
odic motion in the following wave under all the two initial
conditions. In Fig. 12 with Fn ¼ 0.39, ship motions in the
follow wave are different under the two initial conditions. In
the left plot with the initial condition (xs.p.)t¼0 ¼ eLCBkw, the
ship speed reaches the wave celerity after t ¼ 64s. The pitch
angle and the ship relative position in wave keep almost
constant, and surf-riding occurs. However in the right plot with
the initial condition (xs.p.)t¼0 ¼ �(LCB�l/2)kw, the ship speed
is below the wave celerity and the ship is doing the periodic
motion. Therefore, the ship motion in the following wave is
categorized as the coexistence of periodic motion and surf-
riding for Fn ¼ 0.39.

In Fig. 13 with Fn ¼ 0.45, the surf-riding occurs under all
two initial conditions as the difference between XR(Un) and

Fig. 10. Time histories of broaching after surf-riding between experiment of NAOE Osaka University (2015) (left) and numerical model (right) in model scale with

wave steepness 0.1, l/Lpp ¼ 1.637, Fn ¼ 0.43 and wave direction �10 deg.
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XR(Cw) becoming too small to disperse the wave surging
energy.

The effect of LCB on the surf-riding in the following wave
is analyzed. The time histories of motion responses for the hull
forms B1 (DLCB ¼ �1 m) and B8 (DLCB ¼ 1 m) with
Fn ¼ 0.4 are presented in Figs. 14 and 15. In Fig. 14, the surf-
riding occurs under all the two initial conditions for the hull
form B1 with the COB moved towards stern by 3%Lpp. In both
left and right plots, the ship is easily accelerated to the wave
celerity. However, results of the hull form B8 in Fn ¼ 0.40
under all the two initial conditions are periodic motions as
shown in Fig. 15. In both left and right plots, the ship speed is
around the nominal speed and the surf-riding doesn't occur.
Therefore, the difference on simulation results between the
hull form B1 and B8 under the same calculation condition

indicates that the effect of LCB on the surf-riding in the
following wave can be quite significant.

To further investigate the influence of LCB on the surf-
riding, results of cases in Table 2 are summarized in
Table 4. In the table, the three modes of ship motions: the
periodic surge motion, the coexistence of periodic motion and
surf-riding, and the surf-riding, are shown in different numbers
and colors. It should be noted that zones for the coexistence of
periodic motion and surf-riding in Table 4 are obtained only
with the two initial conditions, which is not enough. Thus the
influence of LCB on the zones is analyzed rather qualitatively
as follows. The exact zones should be obtained by identifying
the equilibrium points (Kan, 1990; Umeda, 1990).

In Table 4 for the original hull form B0 with
DLCB ¼ 0 m, the threshold Froude number of the surf-riding

Fig. 11. Periodic motion (Fn ¼ 0.35, DLCB ¼ 0) left: (xs.p.)t¼0 ¼ eLCBkw, right: (xs.p.)t¼0 ¼ �(LCB�l/2)kw.

Fig. 12. Coexistence of Periodic motion and surf-riding (Fn ¼ 0.39, DLCB ¼ 0). left: (xs.p.)t¼0 ¼ eLCBkw, right: (xs.p.)t¼0 ¼ �(LCB�l/2)kw.
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in following waves are similar to the value predicted by the
analytical method using the same vessel in Maki et al. (2010),
which is Fn ¼ 0.38. Table 4 shows that the surf-riding
generally occurs in a lower nominal speed for hull forms
with the COB moved towards stern comparing to the hull
forms with COB moved towards stem. The surf-riding zone
becomes smaller as the COB moved towards stem. There are
mainly two reasons. The major reason is that the adjusting of
LCB causes the difference on the ship total resistance as
shown in Fig. 7. When Fn is less than 0.45, these differences
are small. So the resistances XR(Un) at the nominal speed Un

for all hull forms are almost the same. However, the differ-
ence on the resistance XR(Cw) when the ship speed is equal to
wave celerity Cw (Fn ¼ 0,527) becomes significant. As the

COB moving towards stern, XR(Cw) is smaller. Consequently,
the difference between XR(Cw) and XR(Un) can become too
small to disperse the wave surging energy and the surf-riding
is more likely to occur.

The other reason might be the difference on the wave
surging force Xw caused by the adjusting of LCB. In Fig. 3, it
is observed that the hull form with the COB moved towards
stern has a longer duration of positive wave surging force Xw

which boosts the occurrence of the surf-riding but a lower
positive peak which reduces the possibility of the occurrence
of the surf-riding. So these two factors have opposite effect on
the surf-riding, and the difference on the wave surging force
Xw caused by the adjusting of LCB might be a minor factor for
the threshold of the surf-riding.

Fig. 13. Surf-riding (Fn ¼ 0.45, DLCB ¼ 0) left: (xs.p.)t¼0 ¼ eLCBkw, right: (xs.p.)t¼0 ¼ �(LCB�l/2)kw.

Fig. 14. Surf-riding (Fn ¼ 0.40, B1 with DLCB ¼ �1.0 m) left: (xs.p.)t¼0 ¼ eLCBkw, right: (xs.p.)t¼0 ¼ �(LCB�l/2)kw.
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5. Conclusions

In this work, the mitigation of the surf-riding by adjusting
the ship's center of buoyancy in the design stage is attempted
based on the 6-DOF weakly nonlinear model considering
nonlinear restoring and FroudeeKriloff forces over instanta-
neous wetted surfaces. The surf-riding motions in regular
following seas for cases with different LCBs, Froude numbers
and initial conditions are simulated and the influence of LCB
on the surf-riding is investigated. The variation of LCB is
achieved by the reconstruction of hull NURBS surfaces based
on changes of frame area curves.

It is concluded that three modes of ship motions exist as the
ship nominal speed increases: the periodic surge motion, the
coexistence of periodic motion and surf-riding, and the surf-
riding under any initial conditions. The thresholds of the surf-

riding are affected by the adjusting of the ship's center of buoy-
ancy. For the hull forms with the COBmoving towards stern, the
threshold for surf-riding is generally lower and the surf-riding is
easier to occur comparing to the hull formswith theCOBmoving
towards stem. This is mainly caused by the differences on the
wave resistance and the wave surging force caused by the
adjusting of the ship's center of buoyancy. Moreover, the dif-
ferences on the wave resistance are the major reason.
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Table 4

Ship motion results of different cases (l/Lpp ¼ 1.637, H/l ¼ 0.06).

Fig. 15. Periodic (Fn ¼ 0.40, B8 with DLCB ¼ 1.0 m) left: (xs.p.)t¼0 ¼ eLCBkw, right: (xs.p.)t¼0 ¼ �(LCB�l/2)kw.
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