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Abstract The aim of the present work is to investigate
whether the degree of freedom (DOF) of a floating body
has a notable effect on the maximum impact pressure due
to green water on deck. The analysis is carried out for a
box-shaped floating structure with a deckhouse, using
experimental and numerical means to model the green
water load. Green water on deck and impact on the deckhouse is generated by the impingement of a focusing wave
group on a floating structure. Computations are performed
using a two-dimensional constrained interpolation profilebased model solving the Navier–Stokes (N–S) equations
with free surface boundary condition to deal with nonlinear
water–structure interactions. The free surface is captured
by a volume of fluid (VOF)-type tangent of hyperbola for
interface capturing/slope weighting (THINC/SW), which is
more accurate than the original THINC scheme. The verifications of the simulation through a series of model-tomodel comparisons are performed in a two-dimensional
glass-wall wave tank. Experimental water surface elevations, body motions and impact pressure are compared
satisfactorily with the computed results for different DOFs
cases. As a result, the peak impact pressure due to green
water decreases rapidly with the increasing DOF.
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1 Introduction
The green water phenomenon occurs when an incoming
wave significantly exceeds the freeboard and wet the deck.
Green water loading may cause extensive structural damages to naval ships as well as floating offshore units [1],
and is of considerable concern to the stability and survivability of ships and offshore platforms. Therefore, there is a
great need for both scientists and engineers to accurately
estimate the loads related with green water impact.
The green water problems have been studied experimentally and numerically. Cox and Ortega [2] performed a
small-scale laboratory experiment to quantify a transient
wave overtopping a horizontal deck and a fixed deck, with
the attentions focused on the free surface and velocity
measurements. Ariyarathne et al. [3] studied the green
water impact pressure due to plunging breaking waves
impinging on a simplified, three-dimensional model
structure in the laboratory and to relate the impact pressure
with the measured velocity as well as void fraction on the
deck. Chang et al. [4] investigate the evolution and maximum velocities of green water flow on a 3D structure in the
laboratory using the bubble image velocimetry technique.
However, laboratory tests are limited by high costs and
technical limitations of the experimental facilities. To
overcome these limitations, computational modeling of the
green water loadings has been widely used.
The most commonly used model is within the framework of the potential flow theory. This kind of models, like
the finite element method (FEM) or the boundary element
method (BEM), is only available for the simple cases such
as linear problems. Greco et al. [5] and Faltinsen et al. [6]
investigated the water on deck for a fixed barge-shaped
structure experimentally and numerically. Numerically, a
boundary element method (BEM) for unsteady nonlinear
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free surface flow was developed for the analysis of wateron-deck phenomena. It is shown that potential flow modeling suffices to give a robust estimate of green water loads
until large breaking phenomena. However, many nonlinear
phenomena are related with green water loadings such as
slamming, violent impact force, wave breaking, water–air
mixing and associated turbulence. Obviously, the BEMtype method is not able to capture these nonlinear features
[7]. Therefore, numerical analysis based on Navier–Stokes
(N–S) equations is required to describe the evolution of the
fluid–body interactions.
A second and more recent alternative is the use of the
mesh-free methods like the smoothed particle hydrodynamics (SPH) method [8]; or the moving particle semiimplicit (MPS) method [9, 10]. Sueyoshi et al. [11] simulated the nonlinear motions of a floating body induced by
the water on deck using a moving particle semi-lagrange
(MPS) model. Shibata and Koshizuka [12] simulated the
three-dimensional shipping water on a stationary deck in
head seas using the MPS method. Shibata et al. [13]
developed a three-dimensional numerical model using the
MPS method for a ship motion with a forward speed under
high wave height conditions where water on deck occurs.
Rudman and Cleary [14] applied the SPH method to simulate the impact of a breaking rogue wave on a moored
semi-submersible tension leg platform, with the attentions
focused on the wave impact angle and mooring line pretension on the subsequent platform motions. However, the
mesh-free methods are limited by their oscillations in the
pressure field and low computational efficiency. As a
consequence, improved versions and promising results are
currently available [15, 16].
A third alternative numerical approach is the meshbased methods solving the N–S equations with free
surface modeling, such as the volume of fluid (VOF)
approach [17]. The advantages of the VOF method are
its mass conservation and easy to implement. Many
improved VOF-type schemes have been proposed such
as PLIC-VOF [18], THINC [19], THINC/WLIC [20]
(WLIC: weighed line interface calculation) and THINC/
SW scheme [21]. In this paper, the THINC/SW scheme
is combined with the CIP-based model to treat the distorted free surface. Kleefsman et al. [22] investigated
some aspects of water impact and green water loading
using an enhanced VOF-based model. Yamasaki et al.
[23] proposed a CIP-based finite difference simulation of
green water impact on fixed and moving bodies. Main
attentions were focused on the fixed body, and no validations were presented for the floating body cases. Hu
and Kashiwagi [24] investigated a floating body using a
CIP-based Cartesian grid approach for predicting hydrodynamic loads associated with strongly nonlinear ship–
wave interactions. Regular waves were analyzed for the
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incoming wave conditions, and benchmark laboratory
tests were also shown for validation. Zhao and Hu [25]
studied nonlinear interactions between extreme waves
and a floating body using an enhanced two-dimensional
CIP-based model. They have paid attentions to the green
water loadings and the two degrees of freedom body
motions with the sway motion fixed, and computations
were compared with the experimental measurements with
a good agreement. Recently, Liao and Hu [26] simulated
the fluid–structure interactions using a partitioned
approach by coupling the finite element method to the
CIP-based model. In this regard, the CIP-based model is
capable of solving such complex problems including
distorted free surface and large amplitude body motions
with reasonable accuracy when compared to experimental data.
The green water problems have been studied both
experimentally and numerically for decades; above studies
to date have been covered to free surface elevations, body
motions, impact forces, and probability of deck wetness
and so on. There exist few models that are capable of
predicting impact pressure with acceptable accuracy, the
understanding of impact pressure is still poor due to the
complex and violent process of green water on deck. The
studies on the effect of degree of freedom on green water
impact force are seldom found.
The objective of the present study is to investigate the
DOF effects on the impact force of the green water as
extreme waves in the vicinity of a floating structure. An
improved version of the CIP-based model is proposed to
study the interaction of green waters with a floating structure
by introducing the THINC/SW scheme for the free surface
treatment. Furthermore, the model is used to simulate a
focused wave group for the green water loadings, which may
contribute to reduce the effect of single frequency of regular
waves and obtain green water on deck more easily. The paper
is organized in the following manner. The CIP-based
numerical model is presented briefly in Sect. 2. Section 3
describes the physical model tests performed for model
validation, including wave elevation, impact pressure and
body response measurements under focused wave groups.
Section 4 is devoted to the representative numerical examples, comparing with experimental results. Finally, some
conclusions are drawn.

2 A CIP-based numerical model
Computation of wave–body interactions is performed using
a two-dimensional wave tank with a flat bottom as shown
in Fig. 1. A piston-type wavemaker located at x = 0 is
used to generate the incident waves. A floating body is
placed at x = 7.0 m away from the wavemaker. More
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details can be found in the early work [25] for reference.
The fluid is treated as an incompressible, viscous fluid. The
governing equations are as follows:
r ~
u¼0

ð1Þ

~
ou
1
1
~ ¼  rp þ r2~
þ ð~
u  rÞu
uþ~
F
ot
q
q

ð2Þ

where ~
u and t are the velocity vector and time, respectively;
q is the density, l is the viscosity, ~
F is the external force,
including gravitational force.
The fluid–structure interaction is treated as a multiphase problem that includes water, air and solid body. A
stationary Cartesian grid that covers the whole computation
domain is chosen. A volume fraction field /m (m = 1, 2,
and 3 indicate water, air and solid, respectively) is adopted
to represent and track the phase interface. The total volume
function for the water and structure is solved using the
following advection equation.
o/13
þ~
u  r/13 ¼ 0
ot

ð3Þ

Here, /13 ¼ /1 þ /3 . The density and viscosity of the
solid phase are set to be the same as those of the liquid
phase to ensure numerical stability. Computations show
that such treatment could speed the velocity–pressure
coupling and save the CPU time. The volume function for
the solid /3 is determined by a Lagrangian method in
which a rigid body is assumed [27]. The position of the
water is calculated by /1 = /13 - /3, where the position
of the liquid and solid phase /13 is captured by a free
surface/interface capturing method. The volume function
for air /2 is then determined by /2 = 1.0 - /1 - /3.
After all volume functions have been calculated, the
physical property k, such as the density q and viscosity l,
are calculated by the following formula.
k¼

3
X

/ m km

ð4Þ

m¼1

Following Zhao and Hu [25], the governing equations
are discretized using a high-order finite difference method
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on a Cartesian grid system. A fractional step scheme is
used to solve the N–S equations. The intermediate velocity
is computed by the CIP method [28] first; then a pressure is
obtained by solving the Poisson equation derived by
enforcing the continuity constraint; and the final velocity is
updated by simple algebraic operations.
To model the body motions, the wave–body interaction
is coupled using the fractional area volume obstacle representation (FAVOR) method developed initially by Hirt
[29]. The effect of a moving solid body on the flow is
included by imposing the velocity field of the solid body
into the flow at the solid edge. The following equation is
introduced to update the local information of the fluid
domain covered by the body.
~ ¼ /3 U
~ b þ ð1  /3 Þu
~
U

ð5Þ

~ b is the local velocity of the solid body and ~
Here, U
u
denotes the flow velocity obtained from the fluid flow
solver. The solid phase /3 is obtained using a virtual par~ b , the local velocity of the solid body,
ticle method [24]. U
is tracked by a Lagrange method. By integrating the
pressure on the body surface, the hydrodynamic forces
acting on the body are first calculated. With Newton’s Law,
the body motion accelerations, velocities are calculated.
More details can be found in previous references [24, 25].
An accurate interface capturing scheme, the THINC/SW
scheme (Xiao et al. [21]) is used to calculate the free
surface. The THINC/SW scheme is also a VOF-type
method. In the THINC/SW method, a variable steepness
parameter is adopted instead of the constant steepness
parameter that used in the original THINC scheme. This
variable parameter helps to maintain the thickness of the
jump transition layer [21]. In this procedure, multidimensional computations can be performed by a directional splitting method.
The one-dimensional advection equation for a density
function / is written in conservation form as follows:
o/
ou
þ rðu/Þ ¼ /
ot
ox

ð6Þ

J Mar Sci Technol (2014) 19:302–313

305

Equation 6 is discretized by a finite volume method. For a
known velocity un, integrating Eq. 6 over a computational
cell [xi-1/2, xi?1/2] and a time interval [tn, tn?1] results in:


nþ1 ¼ /
n þ 1 gi1=2  giþ1=2
/
i
i
Dxi

Dt n  n
/i uiþ1=2  uni1=2
þ
ð7Þ
Dxi
where Dxi ¼ xiþ1=2  xi1=2 , Dt ¼ tnþ1  tn , gt12 ¼
R tnþ1
tn ðu/Þt12 dt is the flux across the cell boundary
R
 ¼ 1 xiþ1=2 /ðx; tÞdx is the cell(x = xi±1/2), and /
Dx xi1=2

averaged density function defined at the cell center
(x = xi). The fluxes are calculated by a semi-Lagrangian
method. Similar to the CIP method, the profile of / inside an
upwind computation cell is approximated by an
interpolation function. Instead of using a polynomial in the
CIP scheme, the THINC scheme uses a hyperbolic tangent
function to avoid numerical smearing and oscillation at the
interface. Since 0 B v B 1, and the variation of v across the
free surface is step-like, a piecewise modified hyperbolic
tangent function is used to approximate the profile inside a
computation cell, which is displayed as follows:
 

x  xi1=2
a
vx;i ¼
1 þ c tanh b
d
ð8Þ
2
Dxi
where a; c; d; bare parameters to be specified. Parameters a
and care used to avoid interface smearing, which are given by:
(
(
 if /
 /


 /
/
1 if /
iþ1
iþ1
i1
iþ1
i1
a¼
ð9Þ
; c¼
 otherwise
 1 otherwise
/
i1

Parameter d is used to determine the middle point of the
hyperbolic tangent function, and is calculated by solving
the following equation:

xiþ1=2

1
Dxi

Z

n
vi ð xÞdx ¼ /
i

ð10Þ

xi1=2

Parameter b is used to control the sharpness of the
variation of the color function. In the original THINC
scheme, a constant b = 3.5 is usually used which may
result in ruffling the interface which aligns nearly in the
direction of the velocity. Therefore, a refined THINC
scheme, the THINC/SW, by determining adaptively
according to the orientation of the interface was proposed
by Xiao et al. [21].
In a two-dimensional case, parameters b could be
determined by the following equations:
(
bx ¼ 2:3jnx j þ 0:01
ð11Þ
by ¼ 2:3 ny þ 0:01
where n = (nx, ny) is the unit norm vector of the interface.
After vi(x) is determined, the flux gi at the cell boundary
can be calculated. In Fig. 2, gi?1/2 for ui?1/2 [ 0 is indicated by the dashed area. After all of the fluxes across the
cell boundaries have been computed, the cell-integrated
value at the new time step can be obtained by Eq. 7. This
cell-integrated value is used to determine the free surface
position. Therefore, mass conservation is automatically
satisfied for the liquid or water part.
A validation test, known as Zalesak’s problem [30], has
been performed to check the THINC/SW scheme. This test
is one of the most popular scalar advection tests. Cases
with different grid sizes have been carried out for parametric study. A velocity field is given by u = (y - 0.5,
0.5 - x) with Dt = 2p/628. In general, one revolution is
completed in 628 time steps. The numerical error is defined
and estimated by:

χ

ui+1/2 ≥ 0
Fi ( x )

Fi+1 ( x )

1

φi−1

φi

φi+1

φi+2

x

0
Δ up = ui+1/2 Δt
Fig. 2 Concept of the THINC/SW scheme
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Table 1 Numerical errors for Zalesak’s test problem
Grid
number

50 9 50

THINC
THINC/
SW

Error ¼

100 9 100

200 9 200

500 9 500

1.38 9 10-1

9.11 9 10-2

4.95 9 10-2

2.04 9 10-2

-1

-2

-2

1.01 9 10-2

1.22 9 10

X
i;j

5.16 9 10

/ni;j  /ex
i;j

.X
i;j

2.58 9 10

/ex
i;j

ð12Þ

n
Here, /ex
i; j is the exact solution of /i; j . The result of
numerical error is summarized in Table 1. In addition, the
shape distortion after one rotation is evaluated as shown in
Fig. 3 with the contours of 0.05, 0.5 and 0.95. The dashed
contour line indicates the exact shape and the solid contour
line shows the numerical results. It can be seen from Fig. 3
and Table 1 that a finer grid produces better shape retention, and the numerical error of the THINC/SW scheme is
lower than that of the original THINC scheme. Comparing
with the original THINC scheme, the THINC/SW scheme
has a better shape after one rotation. Therefore, the
THINC/SW scheme is chosen and used in this study.

3 Model tests
Details of the model tests were described in the early work
by Zhao and Hu [25]. However, for the completeness, a
brief description is provided as follows.
The physical experiments have been performed in a twodimensional glass-wall wave tank in the Research Institute
for Applied Mechanics (RIAM) of Kyushu University,
Japan. It was performed by the author when he was
working as a research fellow in RIAM, Kyushu University.
The wave tank is 18-m long, 0.30-m wide, and filled with
Fig. 3 Zalesak’s problem after
one rotation (solid for
simulation and dashed for
theory and plotted are the
contours of 0.05, 0.5 and 0.95):
THINC (upper) and THINC/SW
(down): a grid: 50 9 50; b grid:
100 9 100; c grid: 200 9 200;
d grid: 500 9 500

tap water to a depth of h = 0.4 m. A wedge-type wavemaker is located at one end of the tank to generate specific
waves. Another wedge-type absorbing wavemaker is
placed at the opposite end to damp incident waves.
Figure 4 displays the experimental setup in detail. A
photo of the floating body is shown in Fig. 5a, while
Fig. 5b shows a photograph of the carriage and guide
rail. A simple box-shaped geometry with a rectangular
deckhouse is used. The floating body is 0.5-m long,
0.29-m wide and 0.123-m high. The width of model
(0.29 m) is nearly as same as the width of wave flume
(0.3 m). Then, the 3D experimental test can be approximately regarded as a 2D case. The main model geometrical and hydrostatic parameters are summarized in
Table 2. This box-type floating body is connected with a
heaving rod through a rotational joint. The rotational
joint is placed initially at the still free surface. The
heaving rod is set in and moves smoothly between the
slider mechanisms installed in a carriage on the guide
rails. The body is free to move in heave and roll. The
sway motion is restrained by a spring, connecting the
carriage and the guide rail. The mass of the floating
body, heaving rod and carriage is m1 = 14.5 kg,
m2 = 0.276 kg and m3 = 2.13 kg, respectively. The
heave motion is shared by the heave rod and the floating
body. The horizontal sway motion is shared by the heave
rod, the carriage and the floating body. The roll motion
is shared only by the floating body. The corresponding
mass for heave, roll and sway motion is (m1 ? m2), (m1)
and (m1 ? m2 ? m3), respectively. The spring constant is
added to the CFD code by imposing a horizontal drag
force f to the body by the equation f = -kx (k = 3.82 N/
m, the spring constant and x is the distance away from
the balance position). The allowed body motions are
measured by potentiometers. The prescribed wave
parameters are checked with wave probes located along

THINC

THINC/SW

(a)
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Fig. 4 Experimental setup

Unit: m
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Carriage (2.13 kg)
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Heaving Rod
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Guide Rail

Floating Body
(14.5kg)
Free Surface

Bottom of tank

the wave tank. The wave probes are placed at x = 3.0,
5.1, 7.0, 8.9 and 11.0 m away from the wavemaker,
respectively. The sampling rate for the wave probes in
these measurements is 100 Hz, while a high sampling
frequency of 1,000 Hz is chosen for the body motion
and pressure measurements. A pressure gauge is placed
on the deckhouse at a height of 0.01 m above the deck
to record the water-on-deck impact pressure, as shown in
Fig. 6.
The laboratory measurements have been used to investigate the 2-DOF body motions under extreme wave conditions by Zhao and Hu [25]. In this study, temporal wave
elevations, body position and green water impact pressure
measurements are used to validate the numerical model of
dealing with the 3-DOF body response to a transient wave
groups.

4 Results and discussions
4.1 Wave generation
In this subsection, waves are generated numerically using a
piston-type wave generator. According to the linear

wavemaker theory, the incident velocity Ur can be calculated
by the following equation for a specified regular wave.
Ur ¼

x
ov
g¼
T ðx Þ
ot

ð13Þ

Where g is the expected wave elevation, and x is the
wave frequency; v is the wavemaker potions; T(x) is the
transfer function for a piston-type wavemaker and can be
calculated by the following equation.
T ðxÞ ¼

2ðcosh 2kh  1Þ
2kh þ sinh 2kh

ð14Þ

where h is the water depth and k is the wavenumber corresponding to x.
To obtain green water easily, the focusing wave theory
is used, and the target transient wave elevation is represented as
gðx; tÞ ¼
¼

Nf
X
i¼1
Nf
X

gi ðx; tÞ
 



ai cos ki x  xp  2pfi t  tp

ð15Þ

i¼1

and the wave elevation at the wavemaker position, x = 0,
should be
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(b)

(a)

Fig. 5 a Photograph of the body model; b photograph of the carriage and guide rail

Table 2 Main parameters of the body model
Item

Value (m)

Length

0.5

Breadth

0.29

Draft

0.10

Gyration radius

0.1535

Center of gravity (from the bottom)

0.0796

Pressure
sensor

0.01m

Fig. 6 Details of the pressure transducer

gð0; tÞ ¼

Nf
X

gi ð0; tÞ ¼

i¼1

Nf
X

 



ai cos ki 0  xp  xi t  tp

i¼1

ð16Þ
The corresponding input velocities at the wavemaker
boundary can be given by
U ðt Þ ¼

Nf
X
i¼1

Ui ¼

Nf
X
xi
ov
gi ð t Þ ¼
ot
T
ð
x
Þ
i
i¼1

ð17Þ

where i is the ith component wave. xp and tp are focal
position and time, respectively. Nf is the number of the
wave components and is chosen to be 29 to approximate a
continuous spectrum. The components, fi, are equispaced
across a bandwidth of df and centered at frequency fc.
Wave conditions are described as follows. A computational
domain of 14.5 9 1.4 m is discretized using a variable
grid. For the focused wave group, the component wave
frequency ranges from 0.6 to 1.6 with fc = 0.83 s as the
peak frequency and Tc = 1.2 s as the peak period. The
waves are focused at t = 20.0 s and at x = 7.0 m away
from the generator. The amplitudes of the individual wave
components, ai, are calculated based on the Joint North Sea
Wave Project (JONSWAP) type spectra.
The time histories of the wave elevations (without the
body) along the tank are presented and compared with the
experimental
data.
Focusing
wave
amplitudes,
A = 0.07 m, has been chosen, and the input positions are
adjusted to focus the wave energy at the target location.
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The time series of the input velocity and the wavemaker
position is shown in Fig. 7. It should be pointed out that the
wavemaker position is useless in the present model because
only the input velocity at the wavemaker boundary is used
here. Comparison of the time series of the wave elevations
between computation and laboratory experiment is displayed in Fig. 8. Here, both the original THINC scheme
and the THINC/SW scheme are used for the free surface
treatment. Comparing these numerical results, it is difficult
to tell the difference between them because only small
difference could be noticed at the end of the simulation.
Notice that the computational results coincide pretty well
with the experimental data, and the wave elevation reaches
its largest value at the focusing position (x/h = 17.5), with
a symmetric distribution of wave profile about the focusing
time. It can be also noticed that the crest is twice times of
the trough. Then the green water occurs easily, which is the
reason to choose the focused wave for the green water
input.
4.2 Green water-on-deck validation
In this subsection, the nonlinear wave–structure interactions are performed and compared with experimental
measurements. As mentioned before, the results of twodimensional simulations with 2-DOF body motions have
been analyzed previously [25]. Here the results of twodimensional simulations with 3-DOF body motions are

J Mar Sci Technol (2014) 19:302–313

Fig. 7 Input velocities and wavemaker position for wave generation

Fig. 8 Comparison of the focused wave profile between computation
and experiment with the focusing amplitude A = 0.07 m

focused and compared with the experimental data. The
discrepancies between experimental and numerical results
are discussed.
Computations are carried out using the numerical wave
tank with the floating body placed at x = 7.0 m away from
the wavemaker boundary as shown in Fig. 1. However,
several simplifications are made to save the computation
time. First, waves are generated by prescribing an inflow
velocity similar to a piston-like wavemaker instead of
simulating the wavemaker motion. Second, a damping
zone is adopted to shorten the tank length other than the
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absorbing wavemaker in the experiment. In the computation, a stationary Cartesian grid is employed with a grid
number of 648(x) 9 248(y) and a minimum grid spacing of
Dx = Dy = 0.003 m around the body and the free surface.
The time step is dynamically determined to satisfy the
stability criterion of a Courant–Friedrichs–Lewy condition
with the total simulation time up to 30.0 s. All the cases
presented in the paper are run on a normal PC.
Figure 9 presents the comparison of the simulated and
measured body motions, free surface profiles and the
impact pressure on the deckhouse. Both the original
THINC scheme and the THINC/SW are used for the free
surface/interface treatment. The 2-DOF body motions with
the sway motion fixed is displayed in column (a), while the
3-DOF body motions with all modes free are displayed in
column (b). The present numerical results are found to be
in good agreement with the experimental data. Comparing
column (a) with column (b), little difference can be found
for the heave motion, roll motion and free surface elevation
before the body. By checking carefully, the maximum
heave motion in positive direction for the case of 3-DOF is
a little larger than that of 2-DOF. Meanwhile, for the case
of 3-DOF, the numerical model predicts the peak clockwise
roll motion less accurately. However, the trend of the roll
motion has been captured by the present model. For the
sway motion, discrepancy between the numerical results
and the experimental data can be found from its maximum
sway motion. The sway motion reaches its maximum value
almost at the end of the water impact according to the
heave motion and roll motion. At that moment, the flow
structure around the body is extremely complex including
the water–air interaction, bubbles, turbulence and structure
vibration and so on. It is very hard to obtain the exact
hydrodynamics force acting on the body in such complex
flow field. Comparing the two free surface capturing
schemes, the predicted results repeat each other quite well
except for minor difference at the peak values. For the
2-DOF roll motion, the THINC scheme underestimates the
maximum clockwise roll motions. While for the 3-DOF
roll motion, the THINC scheme underestimates the maximum anticlockwise roll motions and the maximum sway
motion.
The impulsive impact pressures on the deckhouse are
shown at the bottom of Fig. 9. Notice that two peaks
phenomenon of the pressure variation can be predicted well
by the present model. However, the exact peak pressure
values are underestimated by both the original THINC
scheme and the THINC/SW scheme. The first peak is
caused by the first high-speed water impact along the deck,
while the other is caused by waterfall along the vertical
deckhouse; the second peak is larger than the first peak. In
another word, the waterfall is more dangerous for structure
safety. Meanwhile, more DOF body motions appear to

123

310

J Mar Sci Technol (2014) 19:302–313

Fig. 9 Comparison of body motions and impact pressure due to focused waves with the focusing amplitude A = 0.07 m: a 2-DOF; b 3-DOF

decrease the impact pressure, where the peak pressure for
2-DOF is larger than that of 3-DOF. The effect of DOF on
the body motions will be analyzed in the next section.
Although the exact impact force is predicted less accurately
here, there might be several possible reasons for this
problem. First could be the grid resolution selected. Second
could be the accuracy of the coupling of wave–body
interactions.
To investigate the convergence of the model, a fine
mesh (798 9 324) with minimum mesh Dx = Dy =
0.002 m is used to simulate the nonlinear wave–body
interactions. Computed body motions show that they are
convergent and grid-independent results are obtained for
both the fine grid and the coarse grid. The coarse grid
means the grid used above with the minimum mesh
Dx = Dy = 0.003 m. The comparison of the sway motions
between the fine grid and the coarse grid is presented in
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Fig. 10a. It can be noticed that improved sway motion is
obtained using the fine grid as the simulation time is over
20Tc. It can be explained by the complex flow structure.
Fine grid is necessary to capturing the hydrodynamics
force acting on the body in such complex flow structure.
Figure 10b, c shows the numerical results of the impact
pressure with both the fine grid and the coarse grid. It can
be seen that the numerical prediction of the first peak
pressure with fine resolution is higher than that with coarse
resolution, especially for the 3-DOF case. While for the
second peak pressure, little improvement can be noticed.
This indicates that local quantities such as the first peak
pressure are obviously improved as the grid resolution
increases, but the second peak pressure is not so sensitive
to the grid resolution. Further study is warranted for
improvement in the accuracy of the coupling of wave–body
interactions.
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4.3 Effect of DOF on impact pressure
In this subsection, aspects of body motions with different
DOFs are simulated numerically. The effect of DOF on the
subsequent motions of the floating body is considered, and
the impact pressures are also predicted as follows. The
input wave conditions are the same as the wave–body
interactions in Sect. 4.2. Several aspects are considered,
including the heave, roll, and sway motions, the impact
pressure and the mass of water on deck.
The numerical results for different DOF body motions
are presented in Fig. 11. The results for the cases of
maximum and minimum DOF are drawn with bold lines. It
shows that all the predictions for all DOFs are similar
except for the peak values in the vicinity of focusing
position. For the heave motion, the maximum heave
motion occurs when the floating body moves freely with all

Fig. 10 Effect of the grid resolution on wave–body interactions:
a sway motion; b 2-DOF impact pressure; c 3-DOF impact pressure
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the modes free. Outside the focusing location, there is little
divergence compared with different DOFs. For the case of
1-DOF, the body should suffer from the maximum heave
response as there is only one DOF to absorb the wave
energy. However, the heave motion of 1-DOF is compressed mostly comparing with that of other DOFs. This
may be caused by the gravity effect of water on deck when
the heave motion moving vertically in the same direction
as the gravity. It indicates that water on deck significantly
influences the heave motion of the floating body. While for
the roll and sway motions, the maximum motion occurs
when the floating body moves with 1-DOF. It indicates that
for more DOF case, the wave energy is transferred into
more directional motions.
The effect of DOF on the impact pressure is also considered, as shown in Fig. 11d. The results show that the
maximum peak pressure occurs when the body is fixed. As
the DOF increases, the peak pressure decreases rapidly.

Fig. 11 Prediction of body motions, impact pressure and mass of
water on deck for different DOF
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Table 3 Maximum of pressure and green water mass for different
DOF
DOF number

Max (P) (kpa)

Max (Mg/M0)

0-DOF

1.917

0.21104

1-DOF, heave only

1.424

0.21554

1-DOF, sway only

1.22

0.1696

1-DOF, roll only

1.17

0.152268

2-DOF, sway fixed

1.02

0.136916

2-DOF, roll fixed

1.019

0.160566

2-DOF, heave fixed
3-DOF

0.806
0.799

0.1304
0.0778

Fig. 12 Relation of the peak impact pressure and the peak mass of
water on deck multiplied by 10

The peak pressure of 0-DOF is more than twice that of
3-DOF. Therefore, for a 3-DOF case, there is about 20 %
reduction of impact pressure as compared to a 2-DOF case,
while 40 and 60 % reduction compared to a 1-DOF and
0-DOF cases, respectively. The mass of water on deck is
shown in Fig. 11e. The parameter Mg/M0 is considered,
where Mg is the mass of water on deck and M0 is the mass
of the floating body, respectively. The relationship between
the mass of water on deck and DOF shares the same trend
as that of impact pressure. The mass of water on deck
decreases with increasing DOF. To explain this phenomenon clearly, the peak value of the impact pressure and the
peak mass of water on deck are shown in Table 3. The
results show that the two column data obey the same tendency that the value decreases with increasing DOF. The
maximum value is over twice bigger than the minimum
value of each column. Meanwhile, the impact pressure
value is about ten times as that for the mass of water on
deck. Here, since they have different physical units, so only
the values are considered. To validate this assumption, the
peak impact pressure and the peak mass of water on deck
multiplied by 10 is drawn in Fig. 12. It is shown that a part
of data coincides with each other and they share the same
tendency that the impact pressure and the mass of water on
deck decreases with increasing DOF. Therefore, it can be
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concluded that more water on deck leads to higher impact
pressure.

5 Conclusions
A CIP-based model has been proposed for investigating
green water loading on a floating structure with degree of
freedom effects. The model governed by the N–S equations
is solved by a CIP-based high-order finite difference
method on a fixed Cartesian grid system, which leads to a
robust flow solver for the governing equations. The SOR
algorithm is used for the velocity–pressure coupling, the
immersed boundary method is employed to deal with
complex geometries. Fluid–structure interaction is treated
as a multi-phase flow problem with water, air and solid
phase solving one set of governing equations. A VOF-type
scheme, the THINC/SW scheme is implemented in the
model to accurately define the free surface configuration.
In order to validate the numerical results, physical
experiments have been performed in a 2D wave tank.
Waves are generated using a wave focusing theory and its
interacting with a box-shaped floating body is studied.
Wave profile along the tank and motions of the body are
measured, impact pressure on a vertical deckhouse along
the body deck is predicted. Qualitative and quantitative
comparisons between numerical results and laboratory data
have been presented. Special attentions are given to the
free surface profile, nonlinear body responses and impact
pressure due to water on deck numerically and experimentally. Results show that the CIP-based model can be
used to reproduce the extreme wave nonlinear interacting
with the floating body, where the distorted free surface
such as wave breaking and water–air mixing, and large
amplitude body motions occur. Fairly good agreement is
obtained for the prediction of the free surface profile and
the body motions numerically and experimentally. The
predicted impact pressure due to water on deck shows that
the same tendency with laboratory results for both 2-DOF
and 3-DOF. However, the peak impact pressure due to
water on deck is under predicted for both 2-DOF and
3-DOF. The effect of grid resolutions on the results is
checked by changing the grid sizes. Results indicate that no
obvious difference could be seen in the global body
motions except for the sway motion, but the local first peak
pressure due to water on deck, especially for the 3-DOF
case is improved with finer grids. Comparison of the effects
of the free surface capturing for wave generation and
wave–body interactions are also presented. No remarkable
difference is observed.
As an application of the numerical model, aspects of
body motions with different DOF are studied numerically.
The predicted results showed that the maximum peak
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pressure occurs when the body is fixed (0-DOF case).
Meanwhile, the peak pressure decreases rapidly with the
increase of DOF. The peak pressure of 0 DOF is over twice
times as much as that of 3-DOF. Comparing with other
body motions, the heave motion of the floating body is
influenced and suppressed significantly by water on deck.
The effect of DOF on the impact pressure is also considered. As a result, the peak pressure decreases rapidly with
the increasing DOF. For a 3-DOF body, there is about
20 % reduction of impact pressure as compared to a 2-DOF
floating body, while 40 and 60 % reduction compared to a
1-DOF and 0-DOF body, respectively. Therefore, the body
with more DOF could be safer for wave impact. In addition, the mass of water on deck is introduced to relate with
the peak value of the impact pressure. It is found that they
coincide with another and share the same trench that both
the impact pressure and the mass of water on deck
decreases with the increasing DOF. In other word, more
water on deck leads to higher impact pressure.
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