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Abstract

The current study investigates the hydrodynamic characteristics of gap resonance within a narrow gap formed by two
adjacent boxes subjected to incident focused transient wave groups. A two-dimensional (2D) numerical wave tank
based on the OpenFOAM package is utilized for this purpose. The weather-side box is fixed while the lee-side box is
allowed to heave freely under wave actions. The effects of the focused wave amplitude and spectral peak period on
the wave amplification within the gap, motion of the lee-side box, and wave forces (including horizontal and vertical
wave forces) acting on each box are systematically examined. For comparison, another structural layout consisting of
two fixed boxes is also considered. The results reveal that the release of the heave degree of freedom (DoF) of the lee-
side box results in remarkably distinct resonance features. In the heave-box system, both its fluid resonant period and
the period corresponding to the maximum heave displacement of the lee-side box are significantly larger (i.e.,
1.6—1.7 times) than the fluid resonant period of the fixed-box system. However, the wave amplification factor inside
the gap in the heave-box system is significantly lower than that in the fixed-box one. Both the variations of the maximum
horizontal and vertical wave forces with the spectral peak period and their magnitudes are also significantly different

between the two structural systems.
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1 Introduction

In the past few decades, the development and exploitation
of offshore oil and gas resources have experienced tremen-
dous growth. Operations involving multiple floaters
deployed in close proximity and side by side, such as the
Floating Liquefied Natural Gas (FLNG) production system
and Liquefied Natural Gas Carrier (LNGC), have become
more prevalent (Song et al., 2022; Zhao et al., 2018). How-
ever, a fluid resonance phenomenon characterized by strong
fluid motions, known as “gap resonance”, may occur inside
the narrow gap between two floaters (He et al., 2021a,

2021b; Ning et al., 2018). It can cause a significant increase
in both hydrodynamic forces and floater motion, ultimately
affecting the safety of offshore operations (Jing et al., 2022;
Liang et al., 2022). In fact, in the fields of coastal and offshore
engineering, there are other similar resonant phenomena of
water bodies, such as liquid sloshing restricted by a partially-
filled container (Jiang et al., 2022; Liang et al., 2020) and
harbor resonance restricted by bays or harbors (Gao et al.,
2023a, 2023c).

During the initial stages of research on gap resonance,
numerical simulations and theoretical analyses were primarily
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based on the classical potential flow theory. However, the
theory has been shown to notably overpredict both the wave
elevation inside the narrow gap and the wave forces acting
on floaters due to the neglect of the viscous effect of real
fluids (e.g., Miao et al., 2001; Molin, 2001; Zhu et al., 2008).
To address this drawback, scholars proposed various
methodologies to incorporate artificial viscosity into the
classical potential flow theory, such as adding damping at
the free water surface (e.g., Ning et al., 2015) or at a sub-
merged surface (e.g., Liang et al., 2021; Wang et al., 2022).
To validate the accuracy of existing analytical and numerical
models and to gain a better understanding of related hydro-
dynamic characteristics, laboratory experiments were con-
ducted in 2D wave tanks (e.g. Kristiansen and Faltinsen,
2010; Saitoh et al., 2006; Tan et al., 2014) and 3D wave
basins (e.g., Feng et al., 2020; Li et al., 2016; Peri¢ and
Swan, 2015; Zhao et al., 2017) to simulate the gap resonance
phenomenon.

Over the past decade, the use of Computational Fluid
Dynamics (CFD) models in investigating gap resonance has
become increasingly common, owing to the rapid develop-
ment of computer science. It includes two categories of
CFD models. The first and most commonly used category is
mesh-based numerical models, such as the open-sourced
package OpenFOAM (e.g., Gao et al., 2019a, 2020b; He et
al., 2021c; Liu et al., 2022) and the commercial software
Star-CCM+ (e.g., Ding et al., 2022a, 2022b). The second
category is mesh-free numerical models, such as the
Smoothed Particles Hydrodynamics (SPH) model (e.g.,
Meringolo et al., 2018) and the Improved Meshless Local
Petrov-Galerkin method based on Rankine source function
(IMLPG_R) (e.g., Vineesh and Sriram, 2021). All these
CFD models have been found to be effective in reproducing
existing laboratory experiments because of their proper con-
sideration of fluid viscosity.

Despite numerous studies on gap resonance, most have
only considered the steady-state resonance induced by inci-
dent regular waves (e.g., Cong et al., 2022; Gao et al,,
2023b; Jiang et al., 2019, 2020; Li, 2019; Liang et al., 2021,
Lu et al., 2020; Peri¢ and Swan, 2015; Song et al., 2021;
Tan et al., 2020; Wang and Zou, 2007; Zou et al., 2023).
However, under real sea conditions, waves are often
stochastic and transient (Fan et al., 2023; Fu et al., 2021; He
et al., 2023), making it challenging for gap resonance to
reach steady state in many situations. For this reason, a few
scholars have investigated the transient fluid resonance in
narrow gaps induced by focused wave groups (e.g., Eatock
Taylor et al., 2008; Gao et al., 2020a; Vineesh and Sriram,
2021; Zhao et al., 2017).

To the best of the authors’ knowledge, previous investi-
gations on the transient gap resonance induced by incident
focused waves have primarily assumed that all floaters
forming the narrow gap are fixed. However, in many practical
applications, some floaters (such as LNGC) are allowed to
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move to a certain extent. This article continues to focus on
the transient gap resonance induced by focused wave groups,
in which the lee-side floater is allowed to heave freely under
wave actions. For comparison, the transient gap resonance
formed between two fixed floaters is also considered. This
study aims to investigate the effect of floater motion on the
hydrodynamic characteristics of gap resonance induced by
focused wave groups. Specifically, this paper seeks to
answer the following three questions:

(1) What is the spectral peak period of the incident wave
groups at which the lee-side floater can reach its maximum
heave displacement?

(2) How does the floater motion affect the changing
trends of fluid resonant period and wave amplification factor
with respect to the incident wave period and focused wave
amplitude?

(3) How do the variations of wave forces (including hor-
izontal and vertical forces) with respect to the incident wave
period and focused wave amplitude differ due to the floater
motion?

The article continues with the details of the numerical
model and the generation principles of focused wave groups
in Section 2. The numerical wave tank utilized is introduced
in Section 3. These are followed by the simulation results
and discussion in Section 4. The article ends in Section 5
with some concluding remarks.

2 Numerical model and generation principles of focused
wave groups

2.1 Description of the numerical model

To accurately consider the energy dissipation near
marine structures caused by fluid viscosity during gap reso-
nance, a viscous flow solver is necessary. In the current
study, a viscous numerical wave tank is established based
on the open-sourced CFD software package, OpenFOAM
(version 3.0.1). The built-in two-phase flow solver “inter-
Foam”, combined with the toolbox “waves2Foam” developed
by Jacobsen et al. (2012), is utilized to generate/absorb
waves and simulate the interactions between waves and
structures. The so-called “relaxation zone” technique is
adopted in the waves2Foam toolbox to generate and absorb
waves.

The two-phase flow solver, “interFoam”, solves the
incompressible Navier—Stokes equations to describe the
motion of the fluid continuum. To track the interface
between the water and the air, the volume of fluid (VOF)
method has been employed. The motion of the floating body
is solved based on the Newton’s second law. The mesh
motion of the computational domain is calculated by solving
the cell-center Laplace smoothing equation (Jasak and
Tukovi¢, 2006). More detailed descriptions on the governing
equations and solution methods for the “interFoam” solver,
the VOF method, and the motions of both the floating body
and the computational mesh can be found in Gao et al.
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(2021).

2.2 Generation principles of incident focused wave groups
The incident focused wave groups consist of numerous
cosine wave components with varying frequencies that
focus at a specific spatial location and moment in time. The
free surface elevation of a focused wave group at any spatial
position and moment can be expressed as (Chen et al., 2014;

Liang et al., 2020):
N
n(x, t)=zancos<pn, ()
n=1
where
S(wp) - Aw
ap=Ar— 2
D S Aw
n=1
©n =k, (x—xp) —w, (t—17). (3)

N=100 denotes the total number of the cosine wave compo-
nents. 4¢ denotes the focused wave amplitude appearing at x=
xrand =t and its magnitude would be artificially prescribed
based on the research requirements. a,, ®,, and &, denote
the wave amplitude, circular frequency, and wavenumber of
the n-th cosine wave component, respectively. Aw denotes
the frequency difference between neighboring components.
xr and #; denote the desired focusing position and moment,
respectively.
The JONSWAP wave energy spectrum is utilized:

4

S(wn>=ag2%exp[—§(ﬁ) ]yﬁ, )
wy, W

where 0=0.0081 and

p= exp[_(w,, )’ / (zazwg)]. )

o,=21/T, is the spectral peak circular frequency, and T}, is
the spectral peak period. 0=0.07 when , <), and otherwise
0=0.09. y is the peak enhancement factor and is set to 3.3 in
this article.

It should be noted that the iterative technique developed
by Fernandez et al. (2014), which corrects both wave ampli-
tude and phase, has also been adopted, which ensures that
the generated focused wave group achieves the desired
focused amplitude at the desired position with high preci-
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sion. For brevity, the detailed principle of this technique is
not described here. Interested readers can refer to Fernandez
et al. (2014) and Gao et al. (2020c) for more information.

3 Numerical wave tank

3.1 Boundary conditions

In this study, the weather-side floater (i.e., Box A)
remains fixed, while the lee-side floater (i.e., Box B) is
allowed to heave freely under wave actions (see Fig. 1).
This layout will be referred to as “heave-box system” for
short hereafter. For comparison purposes, the two-box system
with both floaters fixed (referred to as “fixed-box system”
for short) is also considered, and its interaction with incident
focused waves is simulated as control groups.

The wave inlet boundary sets the pressure gradient to
zero and prescribes both the water surface elevation and the
water particle velocities according to desired wave theories.
The outlet boundary set the water particle velocity to zero.
For all the solid-wall-type boundaries (including all edges
of Box A and the bottom of the numerical wave tank), their
velocity boundary condition is set to “no-slip”. For the fixed-
box system, the velocity boundary condition of Box B is
still defined as “no-slip”; while for the heave box system, it
is defined as “movingWallVelocity”. To absorb the energy
of both the reflected and the transmitted waves, two relaxation
zones are arranged around the inlet/outlet boundaries. The
upper boundary of the numerical wave tank adopts the
“atmosphere” boundary condition. For both the front and
the back boundaries, the “empty” boundary condition is pre-
scribed to create a 2D numerical wave tank. As in Yin et al.
(2022), the largest Courant number is set to 0.25 in all cases
to ensure the stability of the simulations and the accuracy of
the results.

3.2 Geometric layouts and incident wave parameters

As shown in Fig. 1, a Cartesian coordinate system is
defined in the numerical wave tank. The length and the
height of the numerical wave tank are 18.5 m and 0.9 m,
respectively. Only one cell with the width of W=0.02 m is
arranged along the y axis (which is perpendicular to the x-z
plane but not shown in the figure). Two identical boxes are
deployed in the middle of the wave tank. As stated above,
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Fig. 1. Sketch of the numerical wave tank used for the heave-box system.
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two types of structure layouts (i.e., the heave-box system
and the fixed-box system) are considered in the present
study. For the heave-box system, the density of Box B is set
to 500 kg/m3. The height H, the breadth B, and the draft d of
both boxes are 0.50 m, 0.50 m, and 0.25 m, respectively.
The gap width is B,=0.05 m. The still water depth is A=
0.50 m.

Two built-in mesh-making utilities, “blockMesh” and
“snappyHexMesh” are adopted to generate meshes. Typical
mesh configurations around the central region for the two
numerical wave tanks without and with the two-box system
are illustrated in Fig. 2. Along the z-axial direction, to simulate
the incident wave groups accurately, the mesh resolution
becomes higher and higher from the bottom/atmosphere
boundaries to the still water level (SWL). Along the x-axial
direction, finer meshes are deployed near the two-box sys-
tem, especially inside the gap. For the two numerical wave
tanks, all mesh configurations are the same except that the
meshes within boxes are further removed by using “snappy-
HexMesh” for the heave-box system.

The geometric configurations for both the still water
depth and the two-box system shown in Fig. 1 are identical
to the corresponding ones in Saitoh et al. (2006) where the
gap resonance of the fixed-box system excited by regular
waves was experimentally investigated. Based on Saitoh et
al. (2006), the resonant period of the fluid inside the narrow
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gap for the fixed-box system is 7;,, = 1.189 s. For the heave-
box system considered, the resonant period of the fluid
inside the narrow gap is still unknown. To reveal the resonant
period of the fluid within the gap for the heave-box system,
the spectral peak period of the incident wave trains, 7},
changes from 0.87;, to 1.97,,,. Five focused wave amplitudes
(i.e., 4/h=0.01, 0.02, 0.03, 0.04 and 0.05) are considered for
both types of structural systems. One wave gauge (i.e., G;)
is deployed in the middle of the narrow gap to measure the
wave elevation therein. The desired focusing time, #, is set
to 10.0 s, and the desired focusing position, xy, is assigned at
gauge Gy (i.e., xp =9.25 m). The length of each relaxation
zone is Wr=7.5 m.

3.3 Validation of mesh convergence

To check the mesh convergence, three meshes with vari-
ous resolutions (i.e. Meshes 1, 2 and 3) are adopted. The
numbers of the cells in Meshes 1-3 are 3.87x105, 5.38x103
and 8.87x103, respectively. Fig. 3 compares the time histories
of the wave elevations at gauge G; under the three meshes
for the two numerical wave tanks without the two-box system
and with the heave-box system. The incident focused wave
group considered in this figure has 4/4=0.05 and 7,/T,,;=1.3.
For Meshes 1 and 2, slight differences appear in the wave
elevations at the focusing crest and the adjacent troughs. As
the mesh resolution becomes higher, the wave elevations for
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Fig. 2. Typical mesh configurations around the central region for the two numerical wave tanks without and with the two-box system.
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Fig. 3. Comparison of the wave elevations at gauge G, under Meshes 1-3 subjected to the incident focused wave group with 4¢/h=0.05 and 7,/T,,=1.3 for

the numerical wave tanks.
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Meshes 2 and 3 become almost overlapped with each other.
It shows that the wave elevation has obtained the convergent
result for Mesh 2.

Fig. 4 further presents the variations of both the maximum
wave elevation inside the gap and the maximum horizontal
and vertical wave forces acting on both boxes with respect
to the number of the mesh cells for the case shown in
Fig. 3b. In this figure, (! denotes the maximum wave eleva-
tion within the gap during the entire simulation for the
heave-box system. (F,*),, and (F,B),, denote the maximum
horizontal wave forces during the entire simulation acting
on Boxes A and B, respectively; (F.*),, and (F.B),, denote
the maximum vertical wave forces on the corresponding
boxes. Their specific definitions will be elaborated in Sub-
sections 4.1, 4.3 and 4.4. 1t is also found that the magnitudes
of all the five physical quantities reach convergence for
Mesh 2. Hence, Mesh 2 is chosen for all simulations.

It is worth noting that previous studies have extensively
validated the capabilities of the numerical model in accurately
simulating incident focused wave groups, gap resonance,
wave forces, and heave motion of floaters (e.g., Ding and
Zang, 2022; Feng et al., 2017; Gao et al., 2019b, 2021,
2022; Wang et al., 2023). Hence, no additional verification
is conducted in this study.

4 Results and discussion

4.1 Wave amplification in the gap

To compare the fluid resonance characteristics between
the heave- and the fixed-box systems, Fig. 5 presents the
time histories of wave elevations at gauge G, for both struc-

A/h=0.01
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Fig. 4. Variations of both the maximum wave amplification and horizon-
tal/vertical wave forces acting on both boxes with respect to the number of
the mesh cells for the case in Fig. 3b.

tural systems, and the corresponding amplification factors
of the wave elevation in the gap are also shown in the figure.
Two distinct differences can be observed from the results.
Firstly, the amplification factor of the wave elevation for the
heave-box system (i.e., éﬁ / Ay) is always notably lower than
the corresponding one for the fixed-box system (i.e., ¢, / Ay).
This can be qualitatively attributed to the fact that part of
the incident wave energy is converted into the mechanical
energy for the floater motion in the heave-box system. Sec-
ondly, there exists significant difference for the fluid resonant
period between the two types of structural systems. For the
fixed-box system, the maximum amplification factor of the
wave elevation always appears at 7,/7,=1.0, no matter
whether A, is large or small; while for the heave-box system,
it always appears at 7,/T,,=1.7. It indicates that the fluid res-
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onant period of the heave-box system becomes notably
larger than that of the fixed-box system. In fact, the remark-
able decline of the wave amplification factor and the obvious
change of the fluid resonant period due to the floater motion
have also been observed in the steady-state gap resonance
investigations (e.g., Fredriksen et al. (2015); He et al.
(2022)).

Fig. 6 presents the changing trends of the amplification
factor of the wave elevation with 7, for both the heave- and
the fixed-box systems under all the five focused wave
amplitudes. Four phenomena are clearly seen. Firstly, the
release of the heave DoF of Box B indeed causes quite dif-
ferent features for the transient gap resonance. For the fixed-
box system, the maximum amplification factor appears at 7,=
Tn- While for the heave-box system, the fluid resonant
period that corresponds to the maximum amplification factor
shifts upwards to 7,=1.7T,, regardless of the incident
focused wave amplitude. Secondly, for the heave-box sys-
tem, although its fluid resonant period becomes remarkably
larger than that of the fixed-box system, there still exists a
local peak point of the amplification factor at 7,=0.95T,,
whose value is only slightly lower than the corresponding
maximum value at 7,=1.77;, (more intuitive comparison
between them will be presented in Fig. 7). It implies that the
fluid resonant period of the fixed-box system still has a sig-
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Changing trends of the amplification factor of wave elevation
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Fig. 7. Comparisons of the maximum (and the local peak) amplification
factors of wave elevations between the heave- and the fixed-box systems,
where R, denotes the ratio of ¢l at T/Tw=1.70 to & at T/ T,=1.00.

nificant influence on the transient resonance characteristics
of the heave-box system.

Thirdly, for both structural systems, their maximum
amplification factors of wave elevations at the fluid resonant
periods and the local peak amplification factors at
T,=0.95T,, (for the heave-box system only) are shown to
monotonously decrease with the rise of 4; (also see Fig. 7).
Fourthly, the maximum amplification factor of wave eleva-
tion for the heave-box system (i.e., (il / Ay at T,=1.70T},) is
remarkably smaller than the corresponding one for the fixed-
box system (i.e., Cfn / Ay at T,=T,,). As mentioned above, this
is because a portion of the incident wave energy is converted
into the mechanical energy for the floater motion in the
heave-box system. The ratio between them, R o is also cal-
culated and shown in Fig. 7. It is observed that R i gradually
increases with A7 overall. The maximum R o is only 42.8%,
appearing at 4¢/h=0.05.

4.2 Heave motion of the lee-side box

To present the heave motion characteristics of the lee-
side box in the heave-box system, the time histories of the
heave displacement of Box B, I, subjected to the incident
focused wave groups with various spectral peak periods and
with A¢h=0.01 and 0.05 are shown in Fig. 8. It is seen that
for both 4/h=0.01 and 0.05, the heave motion of Box B
becomes more and more significant as the spectral peak
period, 7, increases from 0.87}, to 1.67,, and then the former
decreases slightly when T, further rises to 1.97,,. Among
the four spectral peak periods, the maximum [, appears at
T, =1.6T,, for both A¢/h=0.01 and 0.05 (see Figs. 8c and 8g).

To reveal the influence of the spectral peak period on
the heave motion of the lee-side box more comprehensively,
Fig. 9 further presents the changing trends of the maximum
heave displacement of Box B during the entire simulation (i.
e., I'y) with respect to T),. It is seen that /7, monotonically
increases first and then monotonically decreases with T,
and the maximum value of I,/4¢ always occurs at 7,/T,,, =
1.6, regardless of the incident focused wave amplitude. In
addition, the normalized [, (i.e., [, /Af) is shown to
decrease gradually with the increase of the incident focused
wave amplitude, regardless of the spectral peak period.

A possible reason for both phenomena can be explained
as follows. Aiming at the heave-box system, Gao et al.
(2021) has implemented a free decay test and found that the
resonant period of the heave motion is 7;;=1.667 s (i.e., T}/
T, =1.40). Based on the results shown in Subsection 4.1,
the fluid resonance inside the gap always appears at 7,,/T,,=
1.70. Compared with the resonant period of the heave
motion, the fluid resonant period inside the gap is closer to
T,/T,, =1.60 where the maximum heave motion occurs. Fur-
thermore, the phenomenon that I, /4; decreases monotoni-
cally with A4; is well consistent with the corresponding phe-

nomenon that ¢l / Ay at T,/T,=1.70 decreases gradually with



GAO Jun-liang et al. China Ocean Eng., 2023, Vol. 37, No. 4, P. 685-697

691

A/h=0.01 A/h=0.05
1+ ;'II‘I,.-A,—U,IUE (a) TP,-';rm—n_R . 1+ f'l,‘.-"A__—U,(M} (e) Tp_,f;rm—(]_x ]
< \ -
= p—————— *t 0 \
~ ~
I+ : 1+ -
1L I/4=0335 o110 b ' O T/T,=1.0
_ w4033 . [ nAF0210__ |
=0 w-—-—r\/\f\/\/\f\f\/\f\/\/\/\/v\f\/w =0 _.W\/\/W\NW
-lr {1 -1t |
1 £,/A70971— () T/T,=1.6 1F 1 /A=0.866 ~ (g) T/T =1.6
= 0 :E 0F
-lr {1 -1t |
1 1 /A70893 — (d) T/T,=1.9 1 I} I, /A=0.785— (h) T/T,=1.9
=0 T
~ ~
1k i -1k 4
0.5 1.0 1.5 20 2.5 0.5 1.0 1.5 2.0 2.5

it
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T, (a—d) and (e—h) correspond to the incident wave groups with 4¢/4=0.01 and 0.05, respectively. /7, denotes the maximum heave displacement during the

entire simulation.
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Fig. 9. Tendencies of the normalized maximum heave displacement of
Box B (i.e., I'y/4y) with respect to T}, for the heave-box system

Ar shown in Fig. 7. Based on the two aspects mentioned
above, it can be inferred that the heave motion characteristics
of Box B primarily rely on the fluid resonance characteristics
within the gap and that the resonant heave motion is a rela-
tively insignificant factor.

4.3 Horizontal wave forces

Fig. 10 depicts the comparisons of the time histories of
horizontal wave forces acting on both boxes in the heave-
box system subjected to the incident focused waves with
A¢h=0.01 and 0.05, where the wave forces are normalized
by pghA:W. For each set of A¢and T}, the maximum horizontal
forces during the entire simulation acting on Boxes A and B
are defined as:

(F?)m = max ((fo)m , |(Féx)m'),

and

(6)

(Ff’)m = max ((ng)m , |(F_Bx)m'),

respectively. (fo)m and (fo)m respectively denote the

)

maximum horizontal forces acting on Boxes A and B in the +

x-axial direction during the entire simulation, and (F éx)m

and (F _Bx)m denote the corresponding maximum ones in the
—x-axial direction. All the four parameters are directly read
from the time histories of horizontal wave forces, and their
specific values are also marked out in this figure. It is seen
from this figure that for the heave-box system, the maximum
horizontal wave force on Box A is shown to first increase
and then decrease with the rise of the spectral peak period,
regardless of the incident focused wave amplitude. Never-
theless, the maximum horizontal wave force on Box B
seems to gradually increase with the spectral peak period.
The tendencies of the maximum horizontal wave forces
with respect to T}, for both the heave- and the fixed-box sys-
tems with 4¢/h=0.01, 0.03 and 0.05 are illustrated in Fig. 11
more comprehensively. As stated above, for the heave-box
system, the maximum horizontal force on Box A first
increases and then decreases with T, b overall, and its maximum
value within the whole range of 7}, [denoted by (EMm]
always appears at 7,=1.37,,. The maximum horizontal force
on Box B presents a gradual increasing trend with 7}, and
its maximum value within the whole range of 7, [denoted
by (E,8)n] occurs at 7,=1.8T;, or 1.97,,,. In addition, like the
local peak of the amplification factor of the wave elevation
appearing at 7;=0.95T,, (see Fig. 6), there also exist local
peaks at 7,~0.97,, or 0.95T,,, for the two curves of the maxi-
mum horizontal wave forces acting on both boxes. It also
indicates that the fluid resonant period of the fixed-box system
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still has a notable influence on the heave-box system. How-
ever, the changing trends of the maximum horizontal wave
forces with T, for the fixed-box system are quite different
from those for the heave-box system. Specifically speaking,
for the fixed-box system, the maximum horizontal force on
Box A is shown to first sharply increase, then sharply
decrease, and finally increase very gently with the increase
of 7},, and the maximum horizontal force on Box B is shown
to first sharply ascend and then decline relatively gently.
Their maximum values within the whole range of 7, always
strictly occur at 7,=T,.

Besides the phenomena described above, it can also be
seen from Fig. 10 that for the heave-box system, when the
spectral peak period, T}, is small (i.e., 7,=0.87, in Fig. 10a
and e), the maximum horizontal wave forces on Box B are
remarkably lower than the corresponding ones on Box A,
regardless of the incident focused wave amplitude. It indicates
that Box A has significant shielding effect on Box B under
this condition. As 7, increases, although the maximum hori-
zontal wave forces on Box B are still smaller than the corre-

sponding ones on Box A, the former is getting closer and
closer to the latter. When 7/, increases to 1.9, the normal-
ized maximum horizontal forces on Boxes B and A for the
case with 4¢/h=0.01 are 0.511 and 0.541, respectively (see
Fig. 10d), and the ratio of the former to the latter is 94.51%;
the normalized maximum horizontal forces on Boxes B and
A for the case with 4¢/h=0.05 are 0.500 and 0.580, respec-
tively (see Fig. 10h), and the ratio of the former to the latter
is 86.18%.

To better present this phenomenon, the ratios of the
maximum horizontal wave forces on Box B to the corre-
sponding ones on Box A for the heave-box system are sys-
tematically shown in Fig. 12. For comparison, the ratios for
the fixed-box system are also illustrated in the figure. It is
easily found that for the heave-box system, the ratio of the
maximum horizontal force gradually increases from around
20% to around 90% with T,/T;, increasing from 0.8 to 1.9.
Nevertheless, the ratio for the fixed-box system is entirely
different from that for the heave-box system. The ratio for
the fixed-box system first monotonically increases and then
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Fig. 12. Ratios of the maximum horizontal forces acting on Box B to the
corresponding ones acting on Box A for all cases of both the heave- and
the fixed-box systems.

gradually decreases with 7, When T7,/T,, exceeds about
1.05, the ratio becomes larger than 100%, which means that
the weather-side box can no longer provide shielding effect
on the lee-side box. The maximum ratios for the fixed-box
system always appear at 7,/7;,=1.20, and their magnitudes
vary from 148.4% to 167.9%, depending on the incident
focused wave amplitude. For both structural systems, the
minimum ratios that represent the best shielding effect of
the weather-side fixed box on the lee-side box always
appears at the lowest incident wave period (i.e., 7},/7,,=0.8).

To understand how the incident focused wave amplitude,
Ay, affects the maximum horizontal wave forces within the
whole range of 7}, [i.e., (E,*),, and (E,B),,] in both the heave-
and the fixed-box systems, Fig. 13 shows the changing
trends of the normalized (EA),, and (E.B),, [i.e., (E/*),/
(pghAW) and (E.B)./(pghdW)] with respect to 4z Two
phenomena are easily observed. Firstly, except (E,4),, in the
heave-box system, all the other three variables, including
the normalized (E,B),, in the heave-box system and both the
normalized (E,A),, and (E,B),, in the fixed-box system, are
shown to gradually decrease with 4;. Contrarily, for the nor-
malized (E,*),, in the heave-box system, it shows a gradual
upward trend with Ay.

Secondly, for both boxes, the maximum horizontal wave
forces within the whole range of 7, in the heave-box system

12 +I‘E.". (]-.]cavc) -;-[E!':I I(Heave).
+(E") (Fixed) < (£Y) (Fixed)

_Lop - 1
%ﬂ o o_.________-._ _‘
L‘._]:-
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Fig. 13. Tendencies of the normalized maximum horizontal wave forces
within the whole range of 7}, with respect to 4y for both the heave- and the
fixed-box systems. (E,),, represents (E,A),, or (E8),,.
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are always notably lower than the corresponding ones in the
fixed-box system. To quantitatively describe the phe-
nomenon, both the ratio of (E,*),, in the heave-box system
to the corresponding one in the fixed-box system (denoted
by RI‘?X) and the ratio of the (E,B),, in the heave-box system
to the corresponding one in the fixed-box system (denoted
by R%X) are further calculated and presented in Fig. 14 for
all the five incident focused wave amplitudes considered. It
shows that both R/}x and Rgx increases monotonously as A¢
increases, and their maximum values are respectively 87.2%
and 65.4%, appearing at A¢/h=0.05.

100 T T T T T
_._RI.-\
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g 70} ]
60l D_M’/q/ |
50 L L L L L
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Fig. 14. Variations of Ry, and RE . With respect to Ay,

4.4 Vertical wave forces

For each set of 7}, and A4y, the maximum vertical wave
forces during the entire simulation on the weather- and the
lee-side boxes are defined as:

(F2),, = max((F2), .[(2),.) ®)
and
(FB),, = max((F2)[(F2), ) ©)

respectively. (F fz)m and (F ?Z)m denote the maximum vertical
forces on Boxes A and B in +z-axial directions during the
entire simulation, respectively; (F _Az)m and (F_Bz)m denote
the corresponding maximums in —z-axial directions. Their
specific magnitudes can be directly gained from the time
histories of the vertical wave forces.

The tendencies of the maximum vertical forces during
the entire simulation with respect to T, for both structural
systems are shown in Fig. 15. It is observed that not only
(F.»),, in the heave-box system but also both (F.A4),, and
(F.B),, in the fixed-box system present a gradual increasing
tendency with the rise of 7,. However, for (F.B),, in the
heave-box system, it first monotonously increases and then
monotonously decreases with 7, and its maximum value
within the whole range of 7, [denoted by (E.B),,] always
occurs at 7,/T,,=1.4. Furthermore, the magnitude of (F.B),,
is always notably lower than that of the corresponding (F,%)
> regardless of the incident wave amplitude and the type of
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Fig. 15. Variations of the maximum vertical wave forces with 7}, for both structural systems under (a) 4 /4=0.01, (b) 4¢/h=0.03 and (c) A¢/h=0.05. (F.)y
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structural system. It indicates that in terms of the vertical
wave force, the weather-side fixed box (i.e., Box A) always
plays a pretty good shielding role on the lee-side box (i.e.,
Box B).

To quantitatively investigate the shielding effect of the
weather-side fixed box on the lee-side box, the ratios of
(F.B),, to the corresponding (F.A),, for all cases are shown
in Fig. 16. It is seen that for both structural systems, the
maximum ratios that mean the weakest shielding effect are
similar to each other, both around 60%. However, the spectral
peak period at which the maximum ratio appears is different
for the two structural systems. For the fixed-box system, the
maximum ratio always occurs at 7,/7,=1.0; while for the
heave-box system, the normalized spectral peak period
where the maximum ratio appears shifts upward to 1.3 for
all the incident focused wave amplitudes. Identical to the
related phenomenon shown in Fig. 12, for the vertical wave
forces, the best shielding effect of the weather-side fixed
box on the lee-side box also always occurs at the lowest
incident wave period (i.e., 7,/7;,=0.8).

(Heave) A /h=—+—0.01—+—0.02——0.03—=—0.04——0.05
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Fig. 16. Ratios of the maximum vertical wave forces on Box B to the cor-
responding ones on Box A for all cases of both the heave- and the fixed-
structural systems.

To reveal how the incident focused wave amplitude
influences the maximum vertical wave forces within the
whole range of 7}, [denoted by (E.*),, and (E.B),,] in both
structural systems, their variations with 4 are presented in
Fig. 17, where both (EA),, and (EB),, are normalized by
pghAW. 1t is seen that all the four normalized variables
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Fig. 17. Variations of the normalized (E.A),, and (E.B),, with 4; in both
structural systems. (E.A),, and (E_B),, respectively denote the maximum
values of (F*),, and (F.B),, within the whole range of T,. (E.),, represents
(EM)m or (EP).

present a downward trend with the rise of 4;. Furthermore,
just like (EA),, and (EB),, shown in Fig. 13, both (EA),
and (EB),, in the heave-box system are also remarkably
lower than the corresponding ones in the fixed-box system.
To quantify their differences, the ratio of (EA), in the
heave-box system to the corresponding one in the fixed-box
system (denoted by R‘;:Z) and the ratio of (E,B),, in the heave-
box system to the corresponding one in the fixed-box system
(denoted by REZ) are further calculated and illustrated in
Fig. 18. Both R% and R}
with the rise of 4, and their maximum values are respectively
82.9% and 63.6%, appearing at A/h=0.01.

. show a slight downward trend
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Fig. 18. Variations of RAZ and REZ with respect to Ay
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5 Conclusions

In this article, the OpenFOAM model has been used to
study the transient gap resonance formed between two
boxes triggered by the focused wave groups with various
focused wave amplitudes and spectral peak periods. The
weather-side box (i.e. Box A) remains stationary. The lee-
side box (i.e. Box B) has two different conditions. In the
heave-box system, Box B is allowed to heave freely under
wave actions; in the fixed-box system, it still remains fixed,
just like Box A. How the release of the heave DoF of Box B
affects the gap resonance characteristics is revealed. The
effects of both the focused wave amplitude and the spectral
peak period on the wave amplification inside the gap, the
heave displacement of Box B, and the wave forces on both
boxes are studied as well. Based on the research results, the
following conclusions can be drawn:

(1) The release of the heave DoF of Box B brings about
remarkably different features for the wave amplification.
The fluid resonant period of the heave-box system becomes
1.7 times that of the fixed-box system. However, the wave
amplification factor inside the gap in the heave-box system
becomes significantly lower than that in the fixed-box one.
The maximum heave displacement of Box B always appears
at T,/T;,=1.6, regardless of the incident focused wave ampli-
tude.

(2) The heave motion of Box B causes different charac-
teristics for both the horizontal and the vertical wave forces
as well. In the heave-box system, the maximum horizontal
force on Box A within the whole range of 7, [i.e., (E,*)]
and that on Box B [i.e., (E,%),] always appear at 7,/T,= 1.3
and 1.9, respectively, while in the fixed-box system, both
always occur at 7,/T,,, =1.0. For the vertical wave forces, the
maxima acting on both boxes in the fixed-box system [i.e.,
(E)m and (E.B),,] occurs at T,/T,,=1.9. However, (E.B),, in
the heave-box system appears at 7},/T,,=1.4, although (E.%),,
still appears at 7,/T,,=1.9.

(3) In terms of the horizontal force, Box A can provide
shielding effect on Box B within the whole range of 7} in
the heave-box system, and the shielding effect becomes
weaker and weaker as 7, rises. However, in the fixed-box
system, Box A can provide shielding effect on Box B only
when 7,/T,,<1.05. In terms of the vertical wave force, Box
A plays a pretty good shielding role on Box B within the
whole range of 7}, in both structural systems.

(4) Except the normalized maximum horizontal wave
forces within the whole range of 7}, acting on Box A [i.e.,
(EMy/(pghdW)] in the heave-box system, all the other
nine normalized physical quantities concerned [i.e., the
maximum wave amplification factor, (E.B),/(pghd:W),
(E N/ (pghAW) and (E.B),/(pghAW) in both structural sys-
tems, and (E,A),/(pghA:W) in the fixed-box system] show a
downward trend with the incident focused wave amplitude.
On the contrary, (E*),/(pghA¢¥) in the heave-box system
shows an upward trend with the latter.

Finally, it is reaffirmed here that all the results and con-
clusions obtained in the present study are only applicable to
the given geometric layout and the given incident focused
wave groups considered in this paper.
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