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Abstract

A three-dimensional time-domain potential flow model with second-order nonlinearity was applied to simulate
the wave resonance in a gap between two side-by-side rectangular barges. In the model, the velocity potential was
decomposed into the incident potential and unknown scattered potential which was obtained by solving the
boundary integral equation. The fourth-order predict-correct method was applied to enforce the free surface
conditions in the time integration. The influence of the wave direction on the first and second-order gap surface
elevations was investigated. The results reveal that the incident wave angle does not affect the resonant wave
frequency and the maximum surface elevation at resonance always occurs at the middle location along the gap.
However, the corresponding maximum wave surface elevation at resonance varies with the incident wave angle.
The location of the maximum wave elevation shifts either upstream or downstream along the gap, depending on
the relative magnitude of incident wave frequency to the resonant frequency.
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1 Introduction

In recent years, with the fast development of ocean engineer-
ing, the hydrodynamic research about the narrow gap between
two floating structures attracts more and more attentions be-
cause of the possible violent resonance phenomenon of the fluid
within the narrow gap. In reality, the fluid resonance phenomen-
on may exist in the narrow gap between two offshore structures
subject to wave loading, such as the ship-by-ship operations, a
LNG carrier alongside a terminal and the moonpools of the FPSO
(Floating production storage and offloading facilities).

Many existing studies are focused on two-dimensional con-
figurations by assuming a infinite long gap. Newman and Scla-
vounos (1988) modeled wave interaction with two close rectan-
gular barges by a panel method and reported unusually high
wave elevations within the narrow gap between the barges as
well as large hydrodynamic forces. Miao et al. (2000, 2001) stud-
ied the influence of the gap between two stationary rectangular
caissons on wave forces using the boundary element method. It
was found that the resonant wave forces on each caisson could
be ten times of the forces on an isolated caisson. Miao et al.(2000,
2001) also conducted theoretical analyses to demonstrate that
the fluid resonance takes place when kL=nn (n=1, 2, 3, ..., ),

where k is the incident wave number and L is the width of cais-
son. Iwata et al. (2007) investigated the hydrodynamic resonance
of three identical rectangular caissons with two narrow gaps by
laboratory tests. It was found that the fluid resonance character-
istics of three identical bodies with two narrow gaps were differ-
ent from those observed in the case of twin bodies with a single
narrow gap. The fluid resonance in narrow gaps may take place
at two distinct frequencies for three bodies with two gaps, while
the resonance was observed to occur only at one frequency for
two structures with one gap. Kristiansen and Faltinsen (2010) in-
vestigated the gap resonance between a ship and a vertical wall
in a two-dimensional setting. The ship was allowed to oscillate in
three degrees of freedom, i.e., Sway, heave and roll. The investig-
ation was carried out by means of model tests as well as by time-
domain simulations based on a Boundary Element Method and
the mixed Eulerian-Lagrangians cheme. Flow separation was
visualized in the simulation by means of an inviscid vortex track-
ing method. The numerical results and model test results agree
well with each other. Lu et al. (2010) studied the fluid resonance
of the three identical bodies with two narrow gaps by a numeric-
al method based on the Navier-Stokes equations to account for
the viscous dissipation of the energy. In the numerical model, the
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free surface was captured using the CLEAR-Volume of Fluid
(CLEAR-VOF) method and the results were in good agreement
with the experiental data in Iwata et al. (2007). To improve the
simulation accuracy (mainly the response amplitude in the gap)
and maintain the efficiency of the potential flow model, Lu et al.
(2011) introduced an artificial damping term into the potential
flow model to account for the viscous dissipation effect. In the
numerical model by Kristiansen and Faltinsen (2012), the com-
putation domain of Navier-Stokes solver was fully submerged in
the fluid so that it could capture viscous effects and the free sur-
face was simulated using the potential flowtheory. Ning et al.
(2016) numerically investigated double solitary waves interac-
tion with a two-boxes system with a narrow gap and found the
spoon-shaped variation of the second wave run-up with the time
interval between two solitary waves.

Two-dimensional models, however, are limited in capturing
real three-dimensional characteristics of the fluid dynamics in
the gap. Some recent experimental and numerical simulations
have been focused on three-dimensional structures. Molin et al.
(2009) carried out laboratory experiments about narrow gap res-
onance of two fixed rectangular barges inwaves. Wave elevations
along the centerline between the two barges were recorded, and
the experimental data have been widely used to validate numer-
ical models. Sun et al. (2010) simulated wave interaction with two
barges with a narrow gap using the second-order diffraction the-
ory based on the quadratic boundary element method, and ex-
amined the behavior of the wave motion in the gap and the influ-
ence of spacing between the two barges on the gap resonance.
Hong et al. (2013) investigated the hydrodynamic forces and
wave elevations between two floating side-by-side bodies using
two methods, i.e., a nine-node discontinuous higher order
boundary element method based on the conventional two-body
formulation and a constant boundary element method based on
the boundary matching formulation. The results from the two
methods were found to agree with each other. Yan et al. (2009)
used the quasi arbitrary Lagrangian-Eulerian finite element
method to investigate the relationship of resonance frequency
and the gap width for nonlinear hydrodynamic interaction
between two floating structures. Feng and Bai (2015) applied
fully nonlinear potential flow model to investigate the wave res-
onance in the gap between two side-by-side barges underbeam
sea conditions. They focused their study on the nonlinear behavi-
ors and the stiff/soft spring behaviors of the gap resonances.
Watai et al. (2015) carried out experiments and numerical simu-
lations using potential flow theory of two different bodies of ca-
nonical geometries (a barge and a geosim) with two different
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side-by-side configurations. The comparison between measure-
ments and numerical results demonstrated that an external
damping factor is required to improve the accuracy of the poten-
tial flow model.

Previous numerical studies of gap resonance of two three-di-
mensional barges were limited to the validation of the numerical
models and were mainly focused on beam sea conditions. The
influence of the wave direction on the wave elevation in the gap
has not been fully understood. The aim of this paper is to study
the influence of incident wave direction on the wave resonance
in a gap between two fixed barges using a second-order time-do-
main potential flow model. In the numerical model, a circular
computational domain with the structures being placed at its
center is employed. A damping zone is placed on the free surface
at the external boundary of the domain to absorb the outgoing
scattering wave. First, the model is validated by comparing the
results with experimental data and other numerical results. Then,
the influence of the incident wave direction on the wave reson-
ance is investigated over a range of incident wave frequencies.

2 Mathematical formulation

A circular fluid domain is used to study the wave-structure in-
teraction problem as shown in Fig. 1. In the numerical simula-
tion, an annulus damping zone is used to disspate the scattered
wave energy, in order to satisfy the radiation boundary condition.
The origin of a coordinate system Oxyz is placed at the center of
the gap on the still water surface, with z-axis pointing upwards
and x-direction parallel to the gap. The direction angle of the in-
cident wave (denoted by f) is measured from the positive x-dir-
ection in counter clock direction and the damping zone has a
width of about one wavelength.

In the second-order time domain model, the fluid is assumed
to be incompressible, inviscid and flow is irrotational within the
fluid domain, so the flow velocity potential satisfies the Laplace
equation and the boundary conditions. The velocity potential is
decomposed into the incident potential ¢, and the scattered po-
tential ¢. Thus, the scattered potential satisfies the Laplace equa-
tion in the domain (Bai and Teng, 2013):

Vi =0, (1)

and is subjected to the body boundary condition:
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Fig. 1. Computational domain for wave interaction with two side-by-side rectangular barges: plan view (a) and three-dimentional

view (b).
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where superscript k (= 1 & 2) denotes the order of approxima-
tions in satisfying the nonlinear boundary conditions. First and
second-order kinematic and dynamic free surface conditions are
given as the following:

® ®)
o o
a¢§ 4
TS —gnt +f1 *

where f{ and f are the forcing terms on the still free surface,
and are defined as follows:
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We apply a Rankine source and its image about the seabed as

Green's function:
1 1 n 1
4w \R "R}’ ©

where x,=(x,, ¥, 2,) and x=(x, y, z) are the source point and the
field point, respectively, and

G (x,x0) =

(z — zo)z,

R :\/(x—x0)2+(y—YO)2+
R, = \/(xfxo)er(y

—30)2 + (z + 2o + 2d)°. (10)

By applying the second theorem of Green to the scattered po-
tential and Green function, the above boundary value problem
can be converted to the following boundary integral equation:

i f i

where a is the solid angle coefficient, which depends on the sur-
face shape of the structure. Because both the Rankine source and
its image about the seabed are used as the Green function and
the scattered waves is absorbed by the damping layer, the integ-
ration on the seabed and the outer boundary are not needed. The
integration is only needed on the boundary S containing the wet-
ted body S, and the static water surface S;. A higher-order bound-
ary element method is used to solve the boundary integration
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equation and 8-node elements are used to discretize the bound-
aries.

In the calculation, the normal derivative of the first-order
scattered potential on the body surface and the first-order

scattered potential on the free surface are known, so the first-or-
der scattered potential on the body surface and the normal deriv-
ative of the first-order scattered potential on the free surface can
be computed according to the integral Eq. (11). After obtaining
the first-order potential and the first-order wave surface eleva-
tion, we will construct the second-order terms about the free sur-
face and apply the integral equation to compute the second-or-
der scattered potential of the body surface and the normal deriv-
ative of second-order scattered potential of the free surface.

By shifting the terms with unknown to the left-hand side of
Eq. (11), we have

//¢<k—ds+//cag)ik)
// 9¢s" dS+//¢> —dS

ds =

(12)
for the source point on the body surface, and
(k)
//@““) aGds+// a¢ ds =
o oo
(13)

for the source point on the free surface.

In the above two equations, the left-hand sides of the integral
equations contain the unknowns that are the velocity potential
on the body surface and the normal derivative of the velocity po-
tential on the free surface.

On the free surface, the fourth-order Adams-Bashforth pre-
dict-correct method is used in time integration. The detailed ana-
lysis process is described below.

Step 1: At each time step, the time is . the wave elevation 7;(t)
and velocity potential ¢(¢) are known, and the kinetic and dy-
namic free surface boundary conditions can be written in a gen-
eral form of function as follows:

O¢s _

a[ _f((z)Sv Tss t)v (14)
ons _

at (¢S7 7]87 ) (15)

Step 2: At is used to stand for the time step. The fourth-order
Adams-Bashforth method is used to predict the wave elevation
and velocity potential on the free surface at the next time step as
follows:

o0 (8 + At) = ¢ (1) + [55f (1) — 59f ¥ (£ — At)+
37f <">(t - 2At) I 3At)] , (16)
At
0+ At =) + [55g<k>(t) — 590 (t — Af)+
37g®) (t — 2A1) — 9% (1 — 3At)] ) a7
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Step 3: The predicted free surface condition at t+At is substi-
tuted into the integral Eqs (12) and (13), we can obtain the nor-
mal derivative of the potential of the free surface. Then the
fourth-order Adams-Moulton method is used to correct the wave
elevation and velocity potential on the free surface as follows:

At
24
5F0(E— Ar) +fO (1 - 2At)] ,

oW (t+ A1) = plO (1) + [9f ®(t+ Ar) +19f® (1) -

(18)
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When A¢®) and An{F) are small enough, we go back to Step 2
for a new time step. In order to avoid the effect of intitial condi-
tions, a ramp function has also been introduced in the body
boundary conditions, which is given as follows:

1 mXt

—|(1—cos| ———)|,t<6T,
framp = 2 6T

1 (20)

where T'is the wave period.

The above boundary value problem for solving the scattered
wave is equivalent to that for the total potential flow if the incid-
ent potential satisfies the Laplace equation and all the boundary
conditions. For the single directional wave problem, the first and
second order incident velocity potentials and wave elevation can
be expressed as

(1) _ 8A coshk(z +d)
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where 7 is the incident wave elevation, k is the wave number, w is
the angular frequency and A is the wave amplitude.

3 Validation and mesh convergence check

Two identical stationary rectangular barges with square bilges
in the experiments by Molin et al. (2009) are simulated. The con-
figuration of the side-by-side barges at model scale is same as
that used by Molin et al. (2009). The parameters are: barge length
2.47 m, width 0.6 m, draft 0.18 m and gap width 0.12 m. The wa-
ter depth is set as 3 m (same as those in the tests). The incident
wave angle considered here is 90°, i.e., the beam sea.

In order to demonstrate the mesh convergence of the simula-
tions, three meshes with different densities are used at the two
angular frequencies of 5.75 and 6.80 rad/s, respectively. The
boundary element sizes on the free surface in the gap and near

the barges are much smaller than those far away from the barges,
and the boundary element sizes in the gap or near the barges in
case of “mesh A”, “mesh B” and “mesh C” are approximately
1/16, 1/20, 1/24 of the shorter incident wavelength, respectively.
Utilysing symmetry of the configuration, only a quadrant of the
mesh grid is used. Figure 2 shows “Mesh B” with 1 016 points and
350 elements on the barges, 2 512 points and 785 elements on the
free water surface per quadrant, respectively.

Fig. 2. 3D mesh of the calculation model.

Figure 3 shows the non-dimensional time history of the wave
elevation at the gap centre calculated from the three meshes.
Fully developed results are achieved after ¢/T=30 for all the
meshes and the results from different meshes are very close to
each other. To quantify the mesh dependency study, Table 1
shows the nondimensional wave crest #,.,/A for ®=5.75 and 6.80
rad/s, where 7, is the maximum value of the wave elevation.
The differences between Meshes B and C for ©=5.75 and 6.80
rad/s are 0.18% and 0.16%, respectively. Therefore Mesh B is
chosen for the subsequent simulations as a compromise between
computational accuracy and efficiency.

4 5  -—--Mesh A
—Mesh B
------ Mesh C
2
I 0
=
24
-4 T T T |

Fig. 3. Time history of wave elevation at the centre of the gap
with ©=6.80 rad/s fromthree different meshes.

Table 1. Wave crest elevation at the gap centre (x=0.0, y=0.0)
from three different meshes

Mesh Mesh A Mesh B Mesh C
Nerest/ A (0=6.80 rad/s) 3.460 3.755 3.741
Nerest/ A (0=5.75 rad/s) 6.353 6.234 6.214

To investigate the resonance frequencies of the wave surface
elevation, we simulate the barge system under the beam sea con-
ditions. As stated in Section 2, the second-order Stokes waves are
specified as the incoming waves. We used the wave steepness
kA=0.003 4 (same as the one in Feng and Bai (2015)) and fre-
quencies in range between 5.0 and 9.0 rad/s. The comparisons of
simulated wave crest elevation at two positions of x=0.0 m and
0.3 m with the solutions from the linear theory, fully nonlinear
theory and experiment data are shown in Figs 4 and 5, respect-



108 JIN Ruijia et al. Acta Oceanol. Sin., 2017, Vol. 36, No. 6, P. 104-111
71 present 77
—o— fully nonlinear (Feng and Bai, 2015) present .
64 N - experiments (Molin et al., 2009) 6 - —o— fully nonlinear (Feng and Bai, 2015)

—a— linear (Feng and Bai, 2015)
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Fig. 4. Surface elevation in the gap in beam sea at x=0.0 m.

ively. The overall agreement is good and the wave crest elevation
from each method is characterized by three peaks within the sim-
ulated range of wave frequencies. The present results are almost
identical to the results from the linear wave theory and fully non-
linear numerical model over the range of wave frequency simu-
lated. Among the three numerical results, the second-order res-
ults are in between the linear and fully nonlinear results. The
fully nonlinear results are closest to the experimental data. That
is to say, for the strongly nonlinear wave conditions, the fully
nonlinear model is more accurate but time-consuming. On the
other hand, the linear model is easily excuted and saves time but
it is not applicable for the nonlinear cases. The second-order
model is a compromise between linear and fully-nonlinear mod-
els. However, discrepancies are observed between the numerical
results and experimental data. It is seen that all the potential flow
models over-predict the wave elevations near the resonant fre-
quencies. The reason for this is that the energy dissipation due to
the viscosity of the flow are not considered by the potential flow
models (Lu et al., 2010).
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----- experiments (Molin et al., 2009)
—a— linear (Feng and Bai, 2015)

w/rad-s™!
Fig. 5. Surface elvation in the gap in beam sea at x=0.3 m.

The resonance in the wave motion can be clearly identified by
the peaks in the surface elevation. In this case, resonance occurs
near three wave frequencies: 5.75 rad/s, 6.80 rad/s and 8.0 rad/s.
The corresponding resonance modes are defined as Mode 1,
Mode 3 and Mode 5 (Feng and Bai, 2015), respectively, in the
case of beam sea. In Modes 1, 3 and 5, there exist 0.5, 1.5 and 2.5
wavelengths along the gap, respectively, as shown in Fig. 6. There
exists only one wave crest and none wave trough in the gap in
Fig. 6a, but one wave crest and two wave troughs are shown in
Fig. 6b, and three wave crests and two wave troughs appear in
Fig. 6¢. It is also observed that the maximum surface elevation
decreases with increasing mode number. The first resonance and
third modes, with relatively large wave surface elevations, are the
focus in this paper.

4 The influence of wave direction on the wave elevation in the
gap
The influence of incident wave angle on wave elevations in
the gap is investigated in this section.The configuration con-

11 LOS——Nww
7/4

WRI—=—O L ioihounoin

1
wmounounoun

11 Loom—oow
7/4

WO——O L ouhouno

{
SUNOWnOWK

Fig. 6. Contours of surface elevation near the barges at resonant mode in the beam sea: a. ®=5.75 rad/s, b. ®=6.80 rad/s, and c.

w=8.00 rad/s.
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sidered is the same as that used in Section 3, except that the in-
cident wave direction is varied. Figure 7 shows the variations of
the dimensionless wave crest with wave angular wave frequency
in the gap at x=0.0 m under three wave directions. It can be seen
that the largest wave crests in the first, third and fifth resonant
modes occur at S being 60°, 30° and 0°, respectively. At the same
time, when the wave direction is oblique, the maximum wave el-
evation at wave frequency instead of resonant frequencies does
not necessarily occur at the gap centre. To quantify the location
of the maximum wave elevation, the distribution of the dimen-
sionless wave crest along the gap at frequencies close to the res-
onance frequencies of the first and third resonant modes are
presented in Figs 8 and 9 for different incident wave directions. It
was found that the wave direction does not affect the resonant

0 T T T T T
5.0 55 6.0 6.5 7.0 7.5 8.0 85 9.0

w/rad-s™!

Fig. 7. Dimensionless wave crest in the gap at x=0.0 m in vari-
ous wave directions.
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frequencies. The resonant frequencies of the first and third
modes always occur at 5.75 rad/s and 6.80 rad/s, respectively.
The position of the maximum surface elevation along the gap al-
ways occurs at the gap center at resonance. From Fig. 8d, it can
be seen that the distribution of the wave crests along the gap is
symmetric for different wave frequencies as the incident wave
angle is equal to 90°. Due to the action of the oblique wave, the
location of the maximum wave elevation shifts upstream along
the gap for the incident wave frequency that is smaller than the
resonant frequency, but shifts downstream for the wave fre-
quency that is larger than the resonant frequency as shown in
Figs 8a-c. Such phenomenon is more apparent for smaller incid-
ent wave angle. The similar phenomena in the resonant Mode 3
can also be oberseved in Fig. 9.

To have a better understanding of the effects of @ and  on the
wave-structure interaction, the contours of the maximum wave
surface elevation are plotted on the w-f plane. It appears that the
incident wave angle # does not have effects on the resonance
wave frequency. However, it affects the maximum wave surface
elevation at resonance. The largest surface elevation appears
when the wave direction is 60° for the first resonance mode. The
reason may be due to that when the wave direction is oblique,
part of the wave enters the gap directly. The oblique wave can be
decomposed into the beam wave and head wave, which both can
induce the water resonance in the gap as shown in Figs 8 and 9.
The interaction of these two waves with different propagation
modes may cause a greater surface elevation, which is a quite
complicated process and deserved to be further investigated.
From Fig. 10, it can also be observed that when the incident wave
angles equal to 30° and 45°, the maximum surface elevations
reach the largest at the third and fifth resonant modes, respect-

6 - — w=5.60rad/s
b —o— ® =5.70rad/s
—— o =5.75rad/s
s AL T ® =5.80rad/s
’ ® =590 rad/s
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2
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-1.2 -0.8 -0.4 0 0.4 0.8 1.2
X/m
— o =5.60rad/s
71 4 —— ®=570rad/s
—— =5.75rad/s
----- w=58
w=359

Nerest! A

Fig. 8. Wave crest along the gap nearby the first resonant mode: a. f=0°, b. =30°, c. =60°, and d. f=90°.
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Fig. 9. Wave crest along the gap nearby the third resonant mode: a. f=0°, b. =30°, c. =60°, and d. 5=90°.
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Fig. 10. Contour map of maximum suface elevation at gap centre in various wave directions.

ively. Some of them are even greater than that at the first reson-  three-dimensional rectugular barges subjected to different incid-

ant mode. ent wave conditions are simulated. It is found that the distribu-
tion of the wave crest along the gap is symmetric about the gap
5 Conclusions center for all different incident wave directions as the incident

The effect of the wave direction on the water resonance in the  wave is perpendicular to the box, i.e., the maximum wave eleva-
gap between two side-by-side barges is investigated based on the  tions all occur at the gap center. The location of the maximum
second-order time-domain potential flow model. Two identical, ~wave elevation along the gap shifts upstream for the lower
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freugnecy waves, but downstream for the higher frequency
waves by comparison with the resonant frequency wave. It is also
observed that the incident wave angle does not influence the res-
onant wave frequency, but the corresponding peak surface eleva-
tion at resonance varies with the incident wave angle. The max-
imum wave crest in different resonant mode occurs at different
incident wave angle due to the complicated interaction of beam
wave and head wave.
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