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ABSTRACT

A numerical model is developed to investigate the wave-
induced dynamic properties of a dual pontoon floating struc-
ture (DPFS) with a liquid container on the top. This model has
to deal with two kinds of fluid domain: one is the incident
wave domain, while the other is the excited fluid domain in a
sloshing container. The boundary integral equation method
(BIEM) with linear element scheme is applied to forming a 2D
fully nonlinear numerical wave tank (NWT). The second-
order Stokes wave theory is adopted to give the velocity on the
input boundary. The velocity potential and acceleration po-
tential are solved simultaneously to obtain the contact forces
on the DPFS as well as the liquid container. Summing the total
external forces on the floating platform, we may form a sys-
tem of motion equations. To establish an accurate and yet
efficient numerical model is the goal of this paper, and it
may lay a good foundation for the further study on the re-
newable wave energy devices or structural motion damping
apparatus.

I. INTRODUCTION

Offshore platforms are important structures for developing
or securing the natural resources from the ocean. Generally,
they could be classified into two categories: One is supported
by columns mounted on the sea bed, and the other is moored
floating structures. The former has been extensively studied
by many researchers such as MacCamy and Fuchs [13],
Chakrabarti [1], Perrey-Debain ef al. [15], and more recently
by Chen et al. [2] who developed a very efficient and accurate
technique to calculate the interactions between water waves
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and pile groups. On the other hand, floating platforms have
been investigated by numerous researchers. For example,
Nojiri and Murayama [14] performed an experimental study,
while Tanizawa and Minami [19], Koo and Kim [10], and
Huang et al. [16] developed numerical models based on a
boundary integral equation method (BIEM) to deal with the
problems. In recent years, sloshing is often used in floating
structures as damping mechanism, such as tuned liquid col-
umn damper (TLCD), which can be found in Gao et al. [4],
Hitchcock et al. [6,7], and Lee ef al. [11] etc. In addition,
Williams and Abul-Azm [22] investigated numerically the
wave reflection properties of a dual pontoon floating structure.
Weng and Chou [21] used both BIEM-based numerical model
and physical model to investigate the dynamic responses of
body motion and wave reflection. However, the flow field in
the above models was limited to the scope of a linear wave
theory.

The nonlinear wave-body interaction problem of a floating
single pontoon structure was studied by Isaacson [9] using
BIEM. Lately, the numerical simulation of nonlinear wave-
body interaction was investigated by a fully nonlinear nu-
merical wave tank (Tanizawa [17]; Koo and Kim [10]; Huang
et al. [16] etc.). In this paper, the boundary integral equation
(BIE) is formulated by using the linear element technique.
Subsequently, the free surface variation is traced by the Mixed
Eulerian and Lagrangian method (MEL), Longuet-Higgins
and Cokelet [12], and the 4th order Runge-Kutta method
(RK4), meanwhile a node-regridding technique is applied by
using a cubic spline scheme to preventing free surface nodes
moving too close to each other. Two numerical damping zones
(Cointe [3] and Tanizawa [18]) are implemented on both ends
of numerical wave tank to absorb or dissipate the reflected and
transmitted waves due to wave-body interaction. The instan-
taneous hydrodynamic force is calculated by an acceleration
potential method (Tanizawa [17]) and a modal decomposition
method (Vinje and Brevig [20]).

The objective of this paper is to establish a numerical
model to study the wave-induced dynamic properties of a dual
pontoon floating structure with a liquid container on the top,
and it may set a foundation for the further study on the re-
newable wave energy devices or structural motion damping
apparatus.
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Fig. 1. The definition of floating structure sketch and its degree of free-
doms.

II. NUMERICAL MODEL

A dual pontoon floating structure consisting of a pair of
floating cylinders and a liquid container on the top is re-
strained by a linear symmetric mooring system, as show in
Fig. 1, where Q; is the fluid domain of numerical wave tank,
), is the fluid domain of the liquid container, a is the width
of the pontoon, b is the spacing between two pontoons, d is
the draft, (xg, zg) is the position of gravity center, H, is the
height of the pontoon, /s is the roll moment arm, 6, is the
mooring angle, /, is the original length of mooring line, L, is
the width of the liquid container, /4, is the water depth of the
liquid container, and z,, is the elevation of free surface in
), at t=0. This floating structure is deployed in a numerical
wave tank where the water depth /4; is held constant. Two
numerical damping zones are deployed at both ends of the
wave tank to dissipate reflected and transmitted waves, where
x4 and x,, are the entrance positions. Since the target model
is a 2D model, only three degree of freedoms are involved in
the calculation, shown in Fig. 1, where the horizontal motion
is sway, the vertical motion is heave, and the rotational motion
is roll.

1. Governing Equations

The flow field is assumed to be incompressible, inviscid
and irrotational. Thus, the velocity potential satisfies Laplace
equation,

Vg, =0 at Q,(¢) (1)

where the subscript, k= 1, 2, indicates the fluid domain Q, and
), respectively.

Incorporated Eq. (1) into Green second identity, the veloc-
ity potential in the fluid domain can be determined by solving
the following BIE:

a6, , o4,
P :J‘Qk( - ¢ =Gy e ]drk at Q. (1) (2

on on

G; = In r;/27 is the fundamental solution satisfying Laplace
equation and representing a flow field generated by a con-
centrated unit source acting at ith source point, r; is the dis-
tance from source point (x;, z;) to field point (x;, z;) and ¢; is the
normalized internal solid angle between two boundary ele-
ments. In this model, the linear element scheme and 6-point
Gaussian quadrature integration method are adopted to solve
the BIE.

2. Inflow Boundary Condition

Based on the continuity of velocity, theoretical particle
velocity profile can be used to specify the boundary value
along the inflow boundary. For nonlinear regular waves, the
second-order Stokes wave is adopted to prevent the mismatch
between input velocity profiles and real water particle velocity,
as described in Koo and Kim [10].

o4 _ o4
on Ox
gAk coshk(z+h) cos(kx— o)
o coshkh
== S, on Fl,[
+3 Azkaw cos 2(kx — ot)
4 sinh” kh,
3

where A4, k, o are the amplitude, wave number, and angular
frequency, respectively. g is the gravitational acceleration, ¢ is
time. For numerical stability, the modulation function f,, is
used to prevent impulse-like behavior of wavemaker, and it is
written as

70 %{1 —cos(;r—t)} for t<T,

1 for t 2 T

3. Free Surface Boundary Condition

One of the most popular and successful approaches in the
fully nonlinear free surface simulation is the MEL method,
which was firstly presented by Longuet-Higgins and Cokelet
[12]. In this method, the kinematic and dynamic free surface
boundary conditions are transformed into the Lagrangian
frame. To obtain proper numerical solutions for wave propa-
gation in a finite computational fluid domain, the scheme
so-called numerical damping zones deployed at both ends of
wave tank are used to absorb the transmitted wave energy at
the end of wave tank as well as to dissipate the reflected waves
in front of the input boundary. Following Cointe [3] and
Tanizawa and Minami [19], the numerical damping zones are
incorporated into the free surface boundary conditions as,
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dx _o¢y

dt  Ox

ez onT,,
d 1

f:—gz+5|wz|2—v<x)(¢l—¢e>

dt Ox

d o4

Eza—; on FZ,_[ (6)
dg 1 2
j:—g(z—22‘0)+z|v¢2|

where v(x) is the damping coefficient of numerical damping
zone given by

a0 (%, _x)/LT XS Xy
v(x)= ado'[(X—xdz)/LT x>x, (7

0 otherwise

where ¢ is the dimensionless parameter for the strength of the
damping zone, and it is set to 1 in the present model. L is
wavelength of the input wave. x,; and x, are the entrance
position of each damping zones shown in Fig. 1. z, and ¢, in
Eq. (5) are the entrance wave elevation and the potential in the
front damping zone and thus they only exist in the region x <
x41. Tanizawa and Minami [19] applied a damping zone which
works as an absorber in front of input boundary to dissipate the
wave energy re-reflected by the structure. He pointed out that
this solution can be computed by numerical simulation of the
waves without structures in the tank. For practical purpose, the
nonlinear analytical solution is a good substitution and there-
fore, in this model, the entrance potential and wave elevation
are obtained from the second-order Stokes wave theory as

4 = Ag coshk(z+h) sin(kx — of)
o cosh kh
13 pplosh2k(z+h) 2]‘4(2 1) sin2(ke — 1)
8 sinh™ kh
2
z, = Acos(kx — o) + M(z + cosh 2kh) cos 2(kx — o)
4sinh” kh

®)

Additionally, the nodal velocities in the right hand side of
Eq. (5) are obtained by using the cubic spline scheme in the
curvilinear coordinate system and coordinate transformation
scheme, sn-coordinates transformed to xy-coordinates, refer-
ring to Tang and Huang et al. [16]; while the corner problem
between free surface and body surface is treated according to
Grilli and Svendsen [5].

Once the horizontal and vertical velocities are known, the
total derivative equations of Eq. (5) can be used to predict the
nodal new position and its corresponding potential on the free
surface boundary, by employing the RK4 method as time
marching scheme. Repeat this process until the simulation
reaches the steady-state condition.

4. Body Surface Boundary Condition
In this model, the body surface (I'; ; and I';) is considered

as impermeable. Therefore, the fluid normal velocity on the
body is equal to the normal velocity of the body surface

0 . ) .
ﬂ =mXg +mZg+nmb; onl, )

where (ny, ny, n3) = (ny, n,, r.n, — rn,) are the unit normal
vector on the body boundary; (r, r,) = (x — xg, z — z¢) are the
position vector from gravity center to body surface; subscript
G is the gravity center of the body; (X, z;) are the transla-
tional velocity of the gravity center in x and z axes (sway and
heave motion); :96 is the angular velocity in the y axis (roll

motion).

5. Rigid Boundary Condition
At the end-wall (I'y,,) and bottom (I';;) of wave tank,

boundary conditions are considered as impermeable. There-
fore, the normal velocities are set to zeros.

%: 0OonTl,andl,, (10)

n

6. Wave Forces on the Body

The hydrodynamic forces on the body can be calculated by
integrated the pressure around the wetted body surface as

F,= J‘r“ Pnds + J.Fz,.\- P,nds

(11)
M, =J'F11\Plr><nds+_|‘erzr><nds

where F and M are the hydrodynamic force and moment,
respectively. pis the water density, # is the unit normal vector
on the body surface and r is the position vector from gravity
center to body surface.

The pressure from the fluid domain Q, and €, are described
as

R =—p1(¢u +gz+§|wz|2]
. (12)
B =-p, (¢2,z +g(Z—22,0) +5|V¢2|2j
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7. Acceleration Potential Method

To calculate instantaneous floating body motions, we have
to solve the simultaneous equation of fluid and floating body
motion. For this purpose, we used the acceleration potential
method formulated by Tanizawa [17] to calculate the instan-
taneous ¢ of Eq. (12) by solving the BIE with the governing
equation of acceleration field,

Vg, =0 13)

The body-surface boundary condition in acceleration field

is described as

ody,
on

=X, +n,z; +n3éG +q, onT, (14)
where (X, Z;) are the translational acceleration of the gravity

center in x and z axes; 6, is the angular acceleration in y

axis. And ¢ is described as

g, =nb,| r0, -2z, + 2%j+ n,0,| 1.6, + 2%, — %9,
’ Oz ox
2 2
+k, %—xg—rzéG + %—Z.G-FFKH.G
ox 0z ’
i [P (20 |26 20 20 O,
n 2
Ox Oz Os On0s On Os
(15)

where k, = 1/p * is normal curvature along the s direction of
the body surface; p * is the radius of curvature.

8. Modal Decomposition Method

The idea of the modal decomposition method was first in-
troduced by Vinje and Brevig [20]. This method is utilized to
solve the BIE of acceleration field. The acceleration field is
decomposed into four modes. The first three modes are asso-
ciated with the unit acceleration in three degrees of freedom,
i.e., sway, heave, and roll motions (radiation modes) and the
fourth mode is due to the incoming wave scattered by the fixed
structure (diffraction mode). Each mode can be obtained by
solving the respective BIE. Using these four modes and the
body-motion equation, body acceleration can be determined.
The ¢, for 2D case is given by

3
By =D A Pp + Prs (16)

m=1

where a,, is the mth mode component of generalized body
acceleration (1 = sway, 2 = heave, 3 = roll).

The boundary conditions in acceleration field for each
mode is given as

oo, n, m=123
— = onl | (17
on q m=4
0 m=1,2,3
= onI
Prm —gz—%|V¢1|2 m=4 Lf
18
0 m=1,273 (1%)
2 m = 1 2 onI’ N
’ —g(Z—ZZ,O)—E|V¢2| m=4 o
P _o (m=1.2.3 r 19
7— (m=1,2,3) on LI (19)
P 0 (m=1~14 d 2
7— (m— ~ ) on Fl,b an l"hw ( O)

The inflow boundary condition for mode 4 is obtained from
the 2nd-order Stokes wave theory,

i coshk(z+h) sin(ky — o)
P4 _ cosh kh, onT
= 1,/
on 3 grppr SOSN2K(E+ ) 2"4(2 1) Gin 2k — 1)
2 sinh” kh,
21

After solving the BIE for each mode, we would obtain the
all variable values, ¢,, and 0¢,/0On on the boundaries. Then the
remaining unknown values on Eq. (16) are a,, only.

Substituting Eq. (16) into Eq. (11), and then combining
with Newton’s second law including the wave hydrodynamic
forces and the other extra forces (subscript ¢), e.g. gravita-
tional force, damping force, and the mooring cable’s restoring
force, the equations of motion become

2
ma, = J.]_L PP+ a0, +ap 5+ ¢, +8z +%‘V¢1‘ ymdl

2
+J.n —p(a Py, + @05 + A0, 5 + 0, + 8(2—2,) +%‘V¢z‘ ymdl
+F

ex

2
ma, = J.lﬂ PP, + a0, + a0+ ¢, + 82 +%‘V¢1‘ )n,dl

2
+Irﬂ —p(a Py, + @0, + APy 5 + @, +8(2—2,) +%‘V¢2‘ )n,dl
+F

2
lsa; = jl". —p(ap +a,p,+ap,+@, +gz+ %‘Vm Jndl
2
+Ir2 —p(a,0,, + @05, + A0, 5+ Py, +8(2—25) +%‘V¢z‘ )nydT

+M

ey

(22)

After solving Eq. (22), the generalized acceleration g, can
be obtained. And then ¢, is finally determined from Eq. (16).
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Table 1. Conditions for the numerical simulations.

Width of the | Water depth
Parameter | Total mass Draft liquid in the liquid
container container
case 1 Ml = My d/hy=0.3 | without liquid container
case 2 |Mmypyw =my+my| dlhy=0.3 | Ly/h; =0.25| hy/h; = 0.05
case 3 |mpu=my+my| d/hy=0.3 | Ly/hy=0.5 |hy/h; =0.025
case 4 |mpu=mytmy| d/hy =04 | Ly/h; =0.5 |hy/h; =0.025

9. Mooring Force

The mooring system is considered as linear and symmetric
(see Fig. 1) with the spring constant K, and the wave hydro-
dynamic forces on the mooring line is neglected. The pre-
tension force of this mooring system is written as

Fo 2pgad A —mg

23
fo 2siné), 3

where A is the length of the floating dual pontoon structure in
y-direction, and in this model A =1 m.

1. RESULTS AND DISCUSSIONS

The normalized input parameters of this simulation are as
follows: &y = 1.0 m, my = 2u,pad, my = 2pLh,, b/h; = 0.5,

a/hl = 025, Hp/hl = 045, zZG = —O.Sd, IG = %Uzpad[§d2+

%az +(a+ by, 0y=160° Ig=a+ b/2, Klpgh = 0.06, hy/h; =

0.05. Coefficients v; and v, are dependent on the density and
shape of the structure, and are simply given the same constant
value 0.9 in this study. In order to explore how the draft and
the size of liquid container affect the dynamic responses of
floating structure, a series of conditions are described in Table
1, and except case 1, other cases set the total mass of the liquid
in the container equal in each simulation, i.e. L,h, = const.

1. Comparisons of RAO

In this simulation, the response amplitude operator (RAO)
is adopted to describe the relation between the amplitude of
body gravity center motions (xg, zg, 6;) and incident wave
amplitude (4), as shown in Eq. (24).

Normalized sway motion, RAO: (x;/A4)
Normalized heave motion, RAO: (z,;/A4)
Normalized roll motion, RAO: (1,6, / A)

Normalized tension force, RAO : (F; / KA)

24

2. Influence of Liquid Container

Fig. 2 shows that the sway RAO decreases as the frequency
increase for all three cases, although a sudden drop occurred

----case 1
— case?2
2.5
2t
o
=
1.5
=
Z
1k
0.5

0 L L L L L L L L L L
0 05 1 15 2 25 3 35 4 45 5 55 6
o’h/g
Fig. 2. Comparison of sway RAO with different liquid container condi-
tions.

[e)}

----case |
—case 2

W
W W
T

h
B W

heave RAO
(98]

N )
o L W
e

._
—
—

o
n

0 L L L L L L L = T
0 05 1 15 2 25 3 35 4 45 5 55 6

o’h/g

Fig. 3. Comparison of heave RAO with different liquid container condi-
tions.

in the trends. It seems that the influence of liquid container on
the sway motion in minor and slightly down shift in frequency,
which may be attributed to the additional liquid mass added
into the system. In heave RAO, Fig. 3 indicates that the re-
sponse curves for three cases are similar in the shape. Though
a downshift phenomenon in the resonant frequency for both
cases with liquid container has discovered, the peak of reso-
nant frequency in the case 2, with deeper water depth in con-
tainer, seems generating higher peak than the case 3 which has
shallower water depth but wider width. While in roll RAO
(see Fig. 4), the peak response of case 2 is significant down-
shift and creates higher peak value. Fig. 5 reveals the com-
parison of sea-side tension RAO. The result shows that both
cases 2 and 3 have two resonant peaks in frequency domain,
but the peaks are much lower than the case 1 without liquid
container on the top of floating structure. This is most likely
due to the sloshing effect against the structural motion, and
thus reduces the mooring tension.
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----case 1
— case?2

roll RAO
o
i

1 15 2 25 3 35 4 45 5 55 6
o’h/g
Fig. 4. Comparison of roll RAO with different liquid container condi-
tions.

----case |
—case 2

Sea-side tension RAO
(98]
W

o’h/g

Fig. 5. Comparison of sea-side tension RAO with different liquid con-
tainer conditions.

3. Influence of the Depth of Draft

In this section, we focus on the influence of the depth of
draft on structural dynamic responses. Figs. 6-8 show that
the floating structure with deeper draft the resonant frequen-
cies in each mode of motion shift to lower frequency region
and with higher peaks; the phenomenon is caused by that the
total mass of the dual pontoon system increases with draft
according the formula described at the beginning of RESULTS
and DISCUSSIONS. Fig. 9 reveals the comparison of sea-side
tension RAO. The result shows that the resonant frequencies
also shift to low frequency region for the case with deeper
draft, and also generating much higher peak than its counter-
part with shallower draft.

IV. CONCLUSIONS

In this study, a fully nonlinear numerical wave tank is de-
veloped to investigate the dynamic responses of a moored
floating dual pontoon structure in waves. The mooring system

Journal of Marine Science and Technology, Vol. 19, No. 6 (2011)

o’h/g
Fig. 6. Comparison of sway RAO with different drafts.
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Fig. 7. Comparison of heave RAO with different drafts.
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Fig. 8. Comparison of roll RAO with different drafts.

is considered as linear and symmetric, and the hydrodynamic
forces on the mooring line are neglected. This model is de-
veloped by BIEM, and the free surface nodes are tracked by
MEL with cubic spline scheme and RK4. Two damping zones
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Fig. 9. Comparison of Sea-side tension RAO with different drafts.

are arranged on both ends of NWT to absorb reflected wave
energy scattered from the body and to dissipate the transmitted
wave energy passing through the body. The simulation of
floating body motion is calculated by the acceleration potential
method and the mode-decomposition method. The results in-
dicate that the liquid container has influences on the structure
dynamic responses. The resonant frequencies of DPFS with
liquid water slightly downshift but with higher peak values
when comparing to DPFS only. These may be due to the in-
crease of total mass generating downshift phenomena. As for
the sea-side tension, the occurrence of the resonant frequency
not only downshifts but also reduces significantly, which may
be attributed to the mass of liquid container added into the sys-
tem and this liquid may generate a sloshing effect against the
structural movement to mitigate the mooring tension. Finally,
the influences of the depth of draft were investigated. The
results demonstrate that the deeper draft down shifts the reso-
nant frequencies but generates the higher peak values for dy-
namic responses. These phenomena can be perceived through
the total mass increases as the draft increases and more fluid
contact force acting on the structure. This study may set a good
foundation for further developing renewable energy devices or
damping equipment.
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