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Abstract:

Two or more structures arranged side by side with narrow gaps may be suffered from
large-amplitude free-surface oscillations, which could cause green water on the deck and lead to
dramatic increase of hydrodynamic loading acting on structures. Here, transient resonant motions
of the free surface inside a narrow gap between two fixed boxes triggered by focused transient
wave groups with various focused wave amplitudes are simulated using a two-dimensional
numerical wave tank. The free-surface amplifications not only inside the gap but in the vicinity of
the two-box system, the response time and the damping time of the transient gap resonance, the
maximum wave loads on both boxes and the relative importance of the higher-order wave loads to
the first-order ones are systematically investigated. It is found that the most vulnerable position to
green water closely depends on the incident focused wave amplitude. The damping time decreases
gradually with increasing focused wave amplitude, while the response time seems insensitive to
the latter. As the focused wave amplitude increases, the normalized maximum wave loads on both
boxes are also shown to decline gradually overall, while the relative importance of the

higher-order wave loads to the first-order ones becomes more and more remarkable.
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Keywords: Gap resonance; Focused transient wave group; Wave height amplification; Wave

forces; Response time and damping time; OpenFOAM®

1. Introduction

If two or more marine structures are arranged side-by-side in close proximity and are suffered
from ocean surface waves, large-amplitude piston-mode motion of the water body inside the
narrow gaps between them can happen at certain frequencies, which is commonly referred to as
the “gap resonance” phenomenon. Gap resonance may trigger very large free surface elevations
inside narrow gaps and then may lead to extremely large wave loading on the structures (Miao et
al., 2000; Zhu et al., 2005). Hence, in practice, careful considerations should be given to the safe
operations of the marine structures deployed side-by-side in close proximity. To further increase
the safety of the engineering operations, more research efforts should be made to enhance the
understanding of the mechanisms of hydrodynamics related to this phenomenon.

The methodologies adopted in the research field of gap resonance include analytical analyses,
physical model experiments and numerical simulations. In the early stage of the research, the
analytical analyses were mainly utilized, and basically all the analytical analyses were based on
the linear potential flow theory. Based on the linear potential flow theory, Miao et al. (2000)
studied the influences of the narrow gaps between multiple floating bodies on wave forces
theoretically. Similarly, via solving an eigenvalue equation derived from the linear potential flow
theory, Molin (2001) gained an analytical solution for the natural frequencies of different modes
inside moonpools of the barges with infinite length and beam. To verify previous analytical
analyses and get a better insight of gap resonance, many physical model experiments were further
conducted. Saitoh et al. (2006) performed a set of two-dimensional (2D) experiments in a wave
tank to investigate the fluid resonance inside a narrow gap formed by two fixed boxes. Tan et al.
(2014) conducted 2D physical model tests to study the fluid resonance inside a narrow gap
between a fixed box and a vertical wall. Recently, some three-dimensional (3D) physical model
experiments were also implemented to simulate the fluid resonance inside the moonpool, between
two barges or between the FSPO terminal and the LNG shuttle carrier (e.g., Huang et al. (2020);

Li et al. (2016); Zhao et al. (2017)).
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To date, most of the numerical investigations utilized the classical potential flow theory
combining with the boundary element technique or the scaled boundary finite element technique
(e.g., Li et al. (2005); Li and Zhang (2016); Sun et al. (2010); Tan et al. (2019)). However, the
studies based on the classical potential flow theory were found to significantly overestimate the
wave height amplification inside the gap and the corresponding wave loads on structures. To
overcome this shortcoming, several particular techniques have been developed to artificially
introduce the wave energy dissipation into the classical potential flow model (e.g., Huijsmans et al.
(2001); Ning et al. (2015a, b); Tan et al. (2019)). Thanks to the rapid development of computer
technology in the past decade, the Computational Fluid Dynamics (CFD) based numerical
simulations have gradually become an effective alternative approach. By using a Navier-Stokes
equations model, Lu et al. (2011a); Lu et al. (2011b) investigated the fluid resonance inside narrow
gaps between multi-bodies and the corresponding wave forces. Subsequently, based on an
open-source CFD package OpenFOAM®, various aspects of the gap resonance problem have been
extensively investigated by many scholars (e.g, Chua et al. (2018); Gao et al. (2019b); Jiang et al.
(2018)). All these investigations have found that the simulation results gain by the CFD-based
models coincide well with the available experimental data.

Although numerous research efforts on gap resonance have been made, the majority of them
have focused on the analyses of the steady-state gap resonance excited by regular waves (e.g.,
Feng and Bai (2015); Gao et al. (2020a); Jiang et al. (2019a); Jiang et al. (2019b); Li (2019)). The
studies on the transient gap resonance triggered by focused transient wave groups started relatively
late and few researchers focused on this problem. Using a potential flow code DIFFRACT, Taylor
et al. (2008) first investigated the fluid response inside the gap between two identical fixed
rectangular barges, and only the time series of the free surface elevations inside the gap were
simply compared with those of incident focused wave groups. Subsequently, the first- and
higher-order components of the resonant fluid response inside the narrow gap between two
identical fixed rectangular barges induced by focused wave groups were experimentally studied in
Zhao et al. (2017). Recently, by using the OpenFOAM® model, Wang et al. (2018) established a
numerical wave tank to accurately reproduce the experiments of Zhao et al. (2017). Based on the
numerical results of Wang et al. (2018), both wave and laminar boundary layer scales for the

transient gap resonance were further resolved in Wang et al. (2019).
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Based on Gao et al. (2019b), it has been found that the achievement of the steady-state gap
resonance needs a continuous action of incident regular waves for a long time. However, for real
ocean waves, they are usually irregular and transient, and in general it is uneasy to reach steady
state in real oceans. Considering the irregular and transient features of real ocean waves and
relatively few research efforts, there is a tremendous need to further strengthen the investigation
on the transient gap resonance induced by focused transient wave groups. For the few existing
studies on the transient gap resonance (i.e., Taylor et al. (2008); Wang et al. (2018); Wang et al.
(2019); Zhao et al. (2017)), only the resonant wave climates inside the narrow gap were paid
attention to by them. To the best of the authors’ knowledge, the wave climates both in front of and
at the rear of the multi-body system and the wave loads acting on the structure during the transient
gap resonance have not been investigated so far.

In light of this, to further improve the knowledge of related phenomena involved in the
transient gap resonance induced by the focused wave groups, this paper mainly focuses on the
following three aspects. Firstly, from the viewpoint of the green water on the deck, it is still
unknown whether the most dangerous position is always located inside the narrow gap. Hence, it
is necessary to first examine the free-surface amplifications not only inside the gap but also in the
vicinity of the multi-body system. Secondly, both the response time and the damping time of the
transient gap resonance are then estimated quantitatively. In practical applications, the accurate
estimation of the response and damping time is vital for the safe evacuation of staff and the
reasonable arrangement of operation time during the offloading operations under gap resonance
conditions. Finally, considering that a good understanding of wave loading characteristics would
help engineers to perform reasonable structural design, the maximum wave loads and the relative
importance of the higher-order wave loads to the first-order ones are also investigated. In this
article, a system made up of two identical fixed boxes subjected to focused wave groups with
various amplitudes is investigated.

In Sections 2, 3 and 4, the numerical model adopted in this paper, the setup of numerical
wave flume and the validation of the numerical model against available experimental and
numerical data are presented, respectively. The numerical results and discussions are presented in

Section 5. Finally, concluding remarks based on the results are drawn in Section 6.
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2.  Numerical model description

In order to take into account the wave energy dissipation around the gap caused by the fluid
viscosity, a CFD-based numerical model is indispensable. All numerical experiments in this article
are conducted by adopting OpenFOAM® version 3.0.1. The built-in “interFoam” multiphase
solver combined with the “waves2Foam” toolbox proposed by Jacobsen et al. (2012) is utilized for
tracking the interface of air/water, generating and absorbing waves (refer to Fig. 1).

At the inlet boundary, the velocity and the free-surface elevation can be defined as those of a
regular wave train or an irregular wave train, and the pressure gradient is set to zero. Two
relaxation zones are arranged in the vicinity of the outlet and inlet boundaries to dissipate the
transmitted and reflected waves. At the right and bottom boundaries of the wave flume and at the
solid walls of boxes, the boundary condition is set as “no-slip”. At the upper boundary of the
flume, “atmosphere” boundary condition is employed. As per the requirements of OpenFOAM®
for a 2D problem, the boundary condition at the front and back boundaries is set to “empty”. To
ensure obtaining accurate and stable numerical results, the largest Courant number in all

simulations is set to 0.25.

. e
i PrEs®
(a) ,\\1\\0’-*\’.,‘_'."‘-‘:‘ ! —
Outlet
i ==_"__ No-slip bottom
e 7 No-slip solid body walls
Wave inlet = = <l
—— S ‘,_.—-""Frml and back (Empty)
Hee Relaxation zone
(b) Y Air 9! G2 G3 g
= g Incident wave s Transmitted wave =
of= = =ZSWL Hpox A Box B = ¥ E
Reflected wave ! g
E —B pPa B 5
- 5
z Water
ater =
=) (=l
L ~3Lp 6.5 m o ~3Lp 1

Fig. 1. Definition sketch of the numerical wave flume: (a) the coordinate system and boundary

conditions; (b) definitions of geometric parameters and positions of wave gauges.

It should be emphasized that the wave loads studied in this article refers to those excited by
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the hydrodynamic pressure (that is, the static buoyancy is excluded) and that the moments on the

two boxes correspond to their respective centroids.

3. Numerical wave flume

Fig. 1 presents the setup of the 2D numerical wave flume utilized in all simulations. The
coordinate system (o, x, v, z) is defined as follows: the origin is situated at the still water level
(SWL) of the inlet boundary, the x-axis is in the wave propagation direction, the y-axis is in the
width direction of the flume and the z-axis is in the upward direction. The numerical wave flume
is 18.5 m long and 0.8 m high, and its width is #=0.01 m that corresponds to a computational cell.
Two fixed boxes with identical size and draft are arranged at the middle of the flume. The height,
breadth and draft of each box are H=0.5 m, B=0.5 m and d=0.25 m, respectively. The depths of the
air and water zones are /,=0.3 m and 4#=0.5 m, respectively. The gap width between boxes is
B,=0.05 m.

These configurations are consistent with the laboratory experiments conducted in Saitoh et al.
(2006) and the numerical studies in Lu et al. (2011b). In these two papers, only the steady-state
gap resonance induced by regular waves was investigated. Based on their studies, it has been
found that the fluid resonant frequency inside the gap shown in Fig. 1 is kA=1.556, or equivalently,
@w=5.285 rad/s (k and w denote the wave number and the angular frequency, respectively).
According to the linear dispersion relationship, the wavelength corresponding to the resonant
frequency is L,=2.02 m. Two relaxation zones with identical length are deployed in the numerical
flume and their length is set to 6.00 m, approximately triple the wavelength corresponding to the
resonant frequency. To record the wave climates both inside the gap and in the vicinity of the
two-box system, three wave gauges are arranged in such a way that G; is in the middle of the gap
and both G; and Gj are very close to the upstream/downstream of the two-box system with only
the distance of 0.01 m from the edge of each box.

In this article, the NewWave-type focused wave group proposed by Tromans et al. (1991) is
employed. The focused wave group consists of many individual cosine wave components that
focus at a specific point in time and space. According to the linear wave theory, for a
unidirectional focused transient wave group, the free-surface elevation at any time and any spatial

location can be expressed as:
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n(x,t):ZN:an cosQ, , (1)

n=1

where
S(o )xAw
a, =1‘1:~N(#, (2)
Zn:lS(a)n)an)
wn:ki1(‘x_xf)_a)n(t_tf)+¢0' (3)

N denotes the number of all wave components. 4¢ denotes the focused wave amplitude occurring
at the focus time and location. a,, w, and k, respectively denote the wave amplitude, the angular
frequency and the wavenumber of the n™ wave component, where w, and k, satisfy the linear
dispersion relationship. Aw is the increment of the angular frequency. x, and # denote the
focus location and the focus time, respectively, and they are set to 9.25 m (i.e., the position of
gauge G) and 10.0 s in all incident focused wave groups. ¢, is the phase angle of the wave
group, and for a crest-focused wave group, ¢,=0. S(w,) is the wave energy spectrum that
describes the wave energy distribution among various wave components.

Identical to Chen et al. (2014), the JONSWAP spectrum proposed by Hasselmann et al. (1973)

is utilized, which is expressed as

S(w)=ag2§exp{—§[“2jj }7’2 )
where
ﬂ:exp[—(a)—a}m )2/(2026051 )], (3)

and a is set to 0.0081 empirically, w is the angular frequency, wy, is the spectral peak angular
frequency. o is the spectral shape parameter, ¢ = 0.07 when @<, , otherwise ¢ = 0.09. y is the
peak enhancement factor and the value of 3.3 is chosen here. In the current study, 100 frequency
components (i.e., N=100) equally spaced between 0.3w,, to 3.0w,, are used to produce the focused
transient wave group. To ensure that the transient gap resonance can be triggered, the spectral peak
frequency, wp, of all the focused transient wave groups considered in this paper is set to equal to
the fluid resonant frequency (i.e., oy = 5.285 rad/s). The incident focused wave amplitude, 4, in

the absence of boxes gradually increases from 0.01 m to 0.07 m, in an interval of 0.01 m.

To evaluate the relative importance of the higher-order wave loads to the first-order ones, the
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four-phase combination method proposed by Fitzgerald et al. (2014) is adopted to separate the
harmonic components of the wave loads on both boxes during transient gap resonance. This
method has been applied to analyze the harmonic structures of the wave loads on the surface
piercing vertical cylinder (Chen et al., 2019; Fitzgerald et al., 2014) and those of the resonant free
surface inside a narrow gap between two barges (Zhao et al., 2017). For each crest-focused wave
group considered in this article, additional three different NewWave groups are further generated
using the same signal, but with each component shifted by a relative phase of #/2, = or 37/2,
respectively. They correspond to a trough focus and up- and down-crossings. Due to limited space,
the detailed theory of the four-phase combination method is not described here, and the interested
reader is referred to Fitzgerald et al. (2014).

It should be noted that prior to conducting the simulations of the transient gap resonance, a
numerical wave flume in the absence of the two-box system is first used to accurately produce the
desired focused wave groups. Because the dispersive focusing approach formulated by Eq. (1) is
based on the linear wave theory, it would inevitably result in a shift of the actual focused position
and focused wave amplitude due to nonlinear wave-wave interactions (Johannessen and Swan,
2008). In this article, the iterative method proposed by Fernandez et al. (2014) is utilized. This
approach iteratively corrects both the amplitudes and the initial phases of various frequency
components in a wave group, which is expressed as

ah (0,)= " (0,)ay (0,) a5 (), (©)

and
0k (@)= 0k (0,)+ (9 (0,)- 0" (0,)) )
in which 4! (»,) and ¢} (w,) denote the amplitude and phase of an input spectral component at
angular frequency w,, respectively. a!, (w,) and ¢! (»,) denote the amplitude and phase of
the corresponding frequency components of the recorded/measured output spectrum, respectively.
The superscript k refers to the " iteration. a, (w,) and ¢  (w,) are determined by the
pre-selected target spectrum, i.e., Eq. (4). Iteration continues until the simulated focused wave
amplitude matches the target one, and various frequency components focus at the desired location
in the flume. In fact, the iterative method has been widely used to accurately generate focused

wave groups in literature (e.g., Chen et al. (2019); Gao et al. (2020b)).

In general, the simulation results of hydrodynamic problems are broadly influenced by the
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mesh employed. To achieve a reliable and accurate solution, some criteria need be met to produce
a high quality mesh. A built-in mesh generation utility supplied with OpenFOAM®, “blockMesh™,
is utilized here to produce meshes of hexahedral cells. Typical meshes around the two-box system
in the computational domain is presented in Fig. 2. To save the computing cost, non-uniform
meshes are employed. Fine meshes with higher resolution are utilized around the two-box system,
especially inside the narrow gap. To better track the interface between air and water, the meshes
become denser from the atmosphere/bottom boundaries to the SWL. For both the wave flumes
with and without the two-box system, all the settings on the meshes are identical except that for
the flume with the two-box system the cells inside boxes are further removed by using

“snappyHexMesh”, another built-in utility supplied with OpenFOAM".

(a)

8.6 8.8 9.0 9.2 9.4 9.6 9.8 10
x (m)

(b)

8.6 8.8 9.0 9.2 9.4 9.6 9.8 10
x (m)

Fig. 2. Typical meshes around the two-box system in the computational domain: (a) the meshes in

the absence of boxes; (b) the meshes with boxes.

To examine the influences of various mesh densities on the simulation results, the incident
focused wave groups in the absence of the two-box system and the response of the fluid inside the
narrow gap between the two boxes are respectively simulated by adopting four different mesh
settings, namely Meshes 1-4, with gradually increasing mesh resolutions. For the numerical wave

flume without boxes, the numbers of the cells for these four meshes are 124600, 201080, 380660
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and 441760, respectively. For the numerical wave flume with the two boxes, the numbers of the
cells for the four meshes are slightly less than the corresponding ones of the wave flume without
boxes because the cells inside the two boxes are removed.

Fig. 3 demonstrates the comparisons of time seres of free-surface elevations at the focus
position (i.e., at gauge G;) under conditions of Meshes 1-4 for the undisturbed crest-focused wave
group with w,, = 5.285 rad/s and 4¢= 0.07 m. It can be seen that there exist slightly differences at
the maximum crest and the two adjacent troughs for Meshes 1-3. However, when the mesh
resolution further increases, the time series of free-surface elevation for Mesh 4 are shown to be
almost identical to those for Mesh 3, which indicates that the convergent results has already been
achieved by Mesh 3. Fig. 4 further presents the dependence of the free-surface elevation inside the
gap on the mesh resolution for the crest-focused wave group with w,,, = 5.285 rad/s and A4¢= 0.07
m when the two-box system exists. Similar to Fig. 3, it is also found that the convergent
free-surface elevation inside the gap can be achieved by Mesh 3. Hence, considering the

calculation accuracy and efficiency, the configuration of Mesh 3 is employed in all simulations.

0.08
0.06 |
0.04 |
0.02 F
0.00 F
20.02
0.04
0.06 L

7 (m)

0.08 T T T -0.035 T T T
0.07 | k

0.06 |- k

77 (m)

0.05 | k

0.04

9.9

10.0
1(s)

10.1

9.5

1(;.0
t(s)

10.5

Fig. 3. Dependence of the free-surface elevation at the desired focus position (i.e., at gauge G,) on
the mesh resolution for the undisturbed crest-focused wave group with w,, = 5.285 rad/s and

A=0.07 m.
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Fig. 4. Dependence of the free-surface elevation at gauge G, on the mesh resolution for the

crest-focused wave group with w,, = 5.285 rad/s and 4¢= 0.07 m when the two-box system exists.

4. Numerical model validation

Prior to implementing the investigations on the transient gap resonance induced by the
focused wave groups, it is essential to validate the reliability of the numerical model and the
accuracy of the numerical results under condition of the mesh density adopted (i.e., Mesh 3).
Considering that there is a lack of experimental data on the 2D transient gap resonance triggered
by focused wave groups so far, the numerical model and the wave flume described in Sections 2
and 3 are verified by comparing the results predicted by OpenFOAM® with available experimental
and numerical data for the steady-state gap resonance excited by regular waves. As mentioned in
Section 3, the configurations of the two-box system shown in Fig. 1 are identical to those of the
laboratory experiments in Saitoh et al. (2006) and the numerical simulations in Lu et al. (2011b),
and the steady-state gap resonance triggered by regular waves were considered in them. Hence, in
this section, part of the experiments in Saitoh et al. (2006) are reproduced based on the

OpenFOAM® model and the numerical wave flume with Mesh 3.

11



10

11

12

13

14

15

16

17

18

. T T T T
i —— Present results
sL . —o—Luetal 2011) |
e Saitoh et al. (2006)
4k | .
Sm 3+ E -
= :
2k .
1+ -
0 1 E 1 N 1 L
1.0 1.5 2.0 2.5 3.0
kh

Fig. 5. The amplification curve of the free-surface elevation inside the gap when the two-box
system is subjected to regular waves with the amplitude of 49=0.012 m and various frequencies, in

which 4, denotes the wave amplitude inside the gap.

Fig. 5 presents the comparison of the amplification curves of the free-surface elevation inside
the gap obtained by the present model, the experimental measurements in Saitoh et al. (2006) and
the CFD-based predictions in Lu et al. (2011b) when the two-box system is subjected to regular
waves with the amplitude of 4p=0.012 m and various frequencies. 4, in this figure refers to the
response wave amplitude inside the narrow gap. It is clear that the free-surface amplifications
inside the gap predicted by the present model coincides fairly well with both the experimental data
of Saitoh et al. (2006) and the numerical results of Lu et al. (2011b).

Fig. 6 further shows the comparisons of the wave forces on boxes estimated by OpenFOAM"
with the CFD-based results in Lu et al. (2011b). For both the horizontal and vertical wave forces,
the overall agreement between the present estimations and those in Lu et al. (2011b) can also be
observed. These phenomena indicate that when the numerical flume shown in Fig. 1 and the mesh
configuration Mesh 3 are adopted, the OpenFOAM®™ model can obtain the accurate and reliable

simulation results for both the fluid amplification and the wave loads during gap resonance.

12
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Fig. 6. Comparisons of the wave forces acting on boxes between the present results and the
CFD-based results in Lu et al. (2011b). (a) and (b) correspond to the horizontal forces on Boxes A

and B, respectively; (c) and (d) correspond to the vertical forces on Boxes A and B, respectively.

5. Numerical results and discussion

In order to obtain a comprehensive understanding of the hydrodynamic characteristics, the
amplifications of the free-surface elevations not only inside the gap but in the vicinity of the
two-box system are first presented in Section 5.1. Subsequently, the response time and the
damping time of the transient gap resonance are discussed in Section 5.2. Then, the maximum
wave loads and the relative importance of the higher-order wave loads to the first-order ones are

investigated in Sections 5.3 and 5.4, respectively.

5.1 Amplifications of free-surface elevations

To visually present how the existence of the two boxes in close proximity affect the wave
climates, the time series of the free-surface elevations at gauges G;-G; excited by focused wave
groups with 4¢= 0.01 m and 0.07 m under conditions of without and the two-box system are first
compared in Fig. 7. Three obvious phenomena can be easily seen. First, for gauge G; (see Fig. 7a
and d), because of the partial reflection effect of the two-box system, the free-surface elevations
with the two boxes (;{) become significantly larger than the corresponding ones without boxes (17),

regardless of the incident focused wave amplitude. In addition, the amplification of the
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free-surface elevation seems to increase with the increase of the focused wave amplitude. Second,
for gauge Gy, (see Fig. 7b and e), the obvious amplification of the free-surface elevation due to the
existence of the two boxes is also clearly seen. However, different from gauge G,, the
amplification of the free-surface elevation at gauge Gy, seems to decrease with the focused wave
amplitude. Besides, compared with the undisturbed incident wave groups (»), the free-surface
elevations inside the narrow gap (5{) take more time to build up and then last for a very long time
after achieving the maximum oscillations, which coincides with the related finding in Taylor et al.
(2008) and Zhao et al. (2017). Third, for gauge G; (see Fig. 7c and f), the free-surface elevations
with boxes (3{) becomes significantly less than the corresponding ones without boxes due to the
shielding effect of the two-box system which acts like a dual-pontoon floating breakwater (e.g., Ji

et al. (2016); Zhao and Ning (2018)).
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Fig. 7. Comparisons of the time series of the free-surface elevations at gauges G;-G; under
conditions of without and the two-box system. ;s and ,{ denote the free-surface elevation at gauge i
(=1, 2 and 3) under conditions of without and with the two-box system, respectively. The
subscript “m” of both # and { represents their maximum free-surface elevations. (a)-(c) correspond
to the incident crest-focused wave group with 4=0.01 m, and (d)-(f) correspond to the incident

crest-focused wave group with 4=0.07 m.
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Fig. 8. Variations of the amplification factors of the free-surface elevations at gauges G;-G; with
respect to the incident focused wave amplitude. The amplification factor at each gauge is defined

as theratioof ;£ to .7, (=1, 2 and 3).

To better present the influences of the two-box system on the wave climates, the

n, (=1,2and

i

amplification factors of the free-surface elevations defined as the ratio of ¢ to
3) at gauges G;-G; under conditions of various incident focused wave amplitudes are
demonstrated in Fig. 8. For gauge G, (see Fig. 8a), the amplification factor of the free-surface
elevation increases monotonously with the increase of the focused wave amplitude. While for
gauges G, and Gj (see Fig. 8b and c), the former is shown to decease gradually with the latter.
From the viewpoint of causing green water on the deck, it is obvious that the transmitted wave
group at gauge Gj has the least possibility because all their amplification factors are very small
(less than 0.22). By contrast, the wave climates at gauges G, and G, present much larger
free-surface amplification (larger than 1.49). Hence, there is a greater possibility to occur green
water inside the gap or in front of the two-box system.

In order to further assess which position is the most vulnerable to occurring green water, Fig.
9 demonstrates the comparison of the normalized maximum free-surface elevations at gauges G,
and G; under conditions of various incident focused wave amplitudes. It is seen that the most
vulnerable position to green water depends on the incident focused wave amplitude, As. When Ay is
relatively small (approximately less than 0.38 m), the maximum free-surface elevation inside the
gap is larger than that in front of the two-box system. However, when 4y becomes larger, the
former tends to become lower than the latter. This indicates that the resonant fluid inside the gap
has the largest possibility to causing green water when the incident focused wave amplitude is
relatively small; conversely, when the incident focused wave amplitude is relatively large, the

most vulnerable position shifts to in front of the two-box system. This is different from the related
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finding for the steady-state gap resonance induced by regular waves that the maximum

free-surface elevation always occurs inside the narrow gap (Jiang et al., 2018; Lu et al., 2011a).
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Nor. maximum elevation

Fig. 9. Comparison of the normalized maximum free-surface elevations at gauges G, and G, under

conditions of various incident focused wave amplitudes

5.2 Response time and damping time of fluid resonance

In actual applications, the accurate and rapid predictions of the response/damping time for the
gap resonance phenomenon are vital for the reasonable arrangement of operation time and the safe
evacuation of staff. Hence, the response time and the damping time for the transient gap resonance
are further investigated in this section. It should be pointed out here that the response time is
defined as the time taken from the moment that the fluid just begins to move from rest to the
moment that the fluid inside the gap achieves the maximum oscillations, and that the damping
time refers to the time taken by the fluid inside the gap decaying from the maximum oscillations to
5% of the maximum oscillations.

Fig. 10 presents the comparison of the time series of the free-surface elevations at the
response stage of the transient resonance excited by crest-focused wave groups with various
amplitudes. The free-surface elevations in this figure are normalized by their respective maximum
values and the horizontal coordinate employed is -ty ty, refers to the moment that the maximum
free-surface elevation occurs inside the gap, which is directly obtained from the time series of the
free-surface elevation at gauge G, for each case. It is clear that the response time is almost
identical for all the incident wave groups and is around 8.0 s. This is different from the related
finding for the steady-state gap resonance triggered by regular waves that the response time is
closely related to the incident wave amplitude and the former decreases gradually with the

increase of the latter (Gao et al., 2019b).
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Fig. 10. Comparison of the time series of the free-surface elevations at the response stage of the
transient resonance excited by crest-focused wave groups with various amplitudes. The
free-surface elevations are normalized by their respective maximum values. #, in this figure

denotes the moment that the maximum free-surface elevation occurs inside the gap.
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Fig. 11. The damping process of the free-surface elevation inside the gap excited by crest-focused
wave groups with various amplitudes. Solid lines and dashed lines denote the simulated

free-surface elevations by the numerical model and the fitted ones by Eq. (8).

For the decaying stage of the steady-state gap resonance, it has been found that the envelop of

free-surface elevation inside the gap decays in an exponential form (Gao et al., 2019b). Via
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carfully observing Fig. 7b and e, it seems that the above-mentioned research finding is also
applicable to the transient fluid resonance excited by focused wave groups. To verify this
inference, it is assumed that the time series of the free-surface elevations inside the gap at the

decaying stage of the transient gap resonance can be expressed as
2é’/zé'm:Ecos[a)m(z‘—tm)+(Z]exp[—5(t—tm)}, ®
where 0 is a parameter controlling the damping time of the fluid oscillations and @ and ¢ are

another two fitting parameters. In theory, if the fluid oscillations decay from the maximum

free-surface elevation perfectly in an exponential form, the values of @ and @ are equal to 1

and 0, respectively.

Table 1. Values of various fitting parameters in Eq. (8) and the correlation coefficient, R’

Ar (m) 0.01 0.02 0.03 0.04 0.05 0.06 0.07

a 1.061 1.054 1.002 0.9980 1.021 1.025 1.008
Fitted | @ (rad) 0.0025 -0.0100 -0.0100 -0.0116 -0.0009 -0.0092 -0.0265
values Y 0.1056  0.1217  0.1308  0.1412  0.1429 0.1434  0.1436
R 0.9931  0.9921 09917 09905 0.9878  0.9816  0.9745

Fig. 11 illustrates the comparisons of the simulated free-surface elevations inside the gap and
the corresponding fitted ones by Eq. (8) during the damping process of the transient fluid
resonance. It is seen that for all the incident focused wave groups, the fitted free-surface elevations
coincides very well the corresponding simulated ones. Table 1 further lists the values of various
fitting parameters and the correlation coefficient, R*. All the values of @ and @ under
conditions of all incident wave amplitudes are very close to 1 and 0, respectively. Meanwhile, the
correlation coefficients between the simulated and fitted free-surface elevations are all greater than
0.97. All these results presented in Fig. 11 and Table 1 indicate that at the decaying stage of
transient gap resonance, the envelop of free-surface elevation inside the gap indeed decays in the
exponential form expressed by Eq. (8). In addition, it can be found from Table 1 that the value of 0
increases gradually with the increase of Ar. As is well known, a larger incident wave amplitude
tends to cause more significant energy dissipation caused by the fluid viscosity, vortex shedding
and even turbulence during gap resonance (Feng et al., 2017; Gao et al., 2019a). Hence, it can be

inferred that the parameter 0 depends closely on the energy dissipation of the system, and more

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

notable energy dissipation corresponds to a larger value of .

35 T T T T T T T T T T T T T
30 | E
°
\Eo 25 —\o -
& \.
| \= ° °
20 e
15 1 L 1 L 1 L 1 L 1 L 1 L 1

0.01 0.02 0.03 0.04 0.05 0.06 0.07
Ay (m)

Fig. 12. Damping time of transient fluid oscillations under conditions of various focused wave

amplitudes.

Based on the above equation, the time 7, needed by the wave to decrease to v% of the

maximum can be further formulated as

_ _ln[v%/(c_zcosq/_))] ©)
5 .

z-v%
Identical to Gao et al. (2019b), z,,, is selected in this paper to represent the damping time of the
resonant free-surface elevations. Fig. 12 presents the damping time of transient fluid oscillations
under conditions of various focused wave amplitudes. Two obvious phenomena can be easily
observed. First, the damping time for the transient gap resonance decreases gradually with the
increase of the focused wave amplitude, which is consistent with the related finding revealed in
Gao et al. (2019b) on the damping time for the steady-state gap resonance. Second, the decline
rate of the damping time is also shown to gradually decreases with the focused wave amplitude.
When 4 increases from 0.01 m to 0.04 m, the damping time decreases significantly from 28.9 s to
21.20 s. However, as Ay increases further from 0.04 m to 0.07 m, the damping time only declines

from 21.20 s to 20.91 s.

5.3 Maximum wave loads on each box
5.3.1 Vertical wave forces
Fig. 13 demonstrates the time series of the vertical wave forces on Boxes A and B induced by

the crest-focused wave groups with 4=0.01 m, 0.04 m and 0.07 m. The vertical wave forces in the
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figure are normalized by pghA:WW. Three phenomena can be clearly observed. First, due to the
shielding effect of Box A on Box B, the maximum vertical wave forces on Box B (including in the
+z- and —z-axial directions) are always remarkably less than those acting on Box A at the given
frequency. Second, for both boxes, the maximum vertical wave forces in the —z-axial direction are
always notably greater than the corresponding ones in the +z-axial direction. Take 4~0.04 m for
example (see Fig. 13b). The normalized maximum vertical wave forces on Boxes A and B in the
+z-axial direction are 0.4476 and 0.2547, and those in the —z-axial direction increase to 0.5678 and
0.3245, with the growth rates of 27.1% and 27.4%, respectively. Third, at the damping stage, the
time series of the vertical wave forces on both boxes gradually become almost identical. This is
because the incident focused wave groups has passed away from the two-box system and the
remaining large-amplitude piston-like free surface oscillation in the narrow gap can lead to very
similar flow velocity and dynamic pressure fields around the bottom of boxes, which leads to the
almost identical vertical forces on two boxes (in order to explain this phenomenon intuitively, the
distributions of the velocity and dynamic pressure fields around the two-box system at two
instants during the damping stage for the crest-focused wave groups with 4=0.07 m are further
illustrated in Fig. 14). Hence, the vertical wave forces on both boxes exerted by the resonant fluid
inside the gap are almost identical (including the phase and the magnitude). In addition, it can be
expected that the horizontal wave forces and the moments on both boxes exerted by the resonant
fluid inside the gap have almost identical magnitude as well but become anti-phase, which will be

verified in Sections 5.3.2 and 5.3.3.
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Fig. 13. Time series of the vertical wave forces on Boxes A and B excited by the crest-focused

wave groups with 4=0.01 m, 0.04 m and 0.07 m. The numbers in this figure refer to the values of

the maximum vertical wave forces in the +z- or —z-axial directions.
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Fig. 14. Distributions of the velocity and dynamic pressure fields around the two-box system at
two instants during the damping stage for the crest-focused wave groups with 4=0.07 m, in which

Tw=2m/wy, refers to the fluid resonant period.
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Fig. 15 illustrates the variations of the normalized maximum vertical wave forces on Boxes A
and B with respect to the focused wave amplitude. The normalized maximum vertical wave forces
on Box A in the +z-axial direction and on Box B in both the +z- and —z-axial directions decrease
gradually with the increase of the focused wave amplitude, while those on Box A in the —z-axial
direction are shown to fluctuate around 0.55. In addition, the finding in Fig. 13 that the maximum
vertical wave forces on Box B are always remarkably less than those on Box A is more intuitively
presented in this figure. To further assess how the focused wave amplitude affects the shielding
effect of Box A on Box B in term of the maximum vertical wave forces, Fig. 16 shows the ratios
of the maximum vertical wave forces on Box B in the +z- and —z-axial directions to the
corresponding ones on Box A for all cases. The ratio for the maximum vertical wave forces in the
—z-axial direction decreases gradually from 64.9% to 52.4% as Ay increases from 0.01 m to 0.07 m,
and the ratio in the +z-axial direction fluctuates between 56.8% and 60.1%. It indicates that, in
general, larger focused wave amplitude tends to produce more obvious shielding effect of Box A

on Box B in term of the maximum vertical wave forces.
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Fig. 15. Normalized maximum vertical wave forces on Boxes A and B for all cases. The
superscripts “+” and “—” denote the maximum wave forces in the +z- and —z-axial directions,

respectively.
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Fig. 16. The ratios of the maximum vertical wave forces on Box B in the +z- and —z-axial

directions to the corresponding ones on Box A for all cases.

5.3.2 Horizontal wave forces

Fig. 17 demonstrates the time series of the horizontal wave forces on Boxes A and B excited
by the crest-focused wave groups with 4=0.01 m, 0.04 m and 0.07 m. Identical to the vertical
wave forces, the horizontal wave forces in this figure are also normalized by pghAWW. Compared
with the vertical wave forces in Fig. 13, there are both the similar and different phenomena
presented in this figure. First, the maximum horizontal wave forces on Box B (including in the +x-
and —x-axial directions) are shown to be always notably less than those on Box A, which is similar
to the related finding for the vertical wave forces. Second, for the horizontal forces on Box B, the
maximum values in the +x-axial direction are always larger than the corresponding maximum ones
in the —x-axial direction; while for the horizontal forces on Box A, the former becomes less than
the latter except when the incident wave group has the largest wave amplitude (i.e., 4=0.07 m).
Third, at the damping stage of the fluid resonance, the time series of the horizontal forces on both
boxes have almost identical magnitude but are anti-phase. The last two phenomena described

above are different from the corresponding ones shown in Fig. 13.
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Fig. 17. Time series of the horizontal wave forces on Boxes A and B excited by the crest-focused
wave groups with 4=0.01 m, 0.04 m and 0.07 m. The numbers in this figure refer to the values of

the maximum horizontal wave forces in the +x- or —x-axial directions.

Fig. 18 shows the normalized maximum horizontal wave forces on Boxes A and B for all
cases. The normalized maximum horizontal wave forces on both boxes and in both directions
decrease gradually with the increase of the focused wave amplitude. Besides, the phenomenon in
Fig. 17 that the maximum horizontal wave forces on Box B are always notably less than those on
Box A is also presented in this figure more directly. To further evaluate how the focused wave
amplitude affects the shielding effect of Box A on Box B in term of the maximum horizontal wave
forces, the ratios of the maximum horizontal wave forces on Box B in the +x- and —x-axial
directions to the corresponding ones on Box A for all cases are illustrated in Fig. 19. Their ratios in
both the +x- and —x-axial directions are shown to decreases gradually with the focused wave
amplitude, which indicates that larger focused wave amplitude leads to more pronounced shielding
effect of the upstream box on the downstream one in term of the maximum horizontal wave forces

in both the +x- and —x-axial directions.
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Fig. 18. Normalized maximum horizontal wave forces on Boxes A and B for all cases. The
superscripts “+” and “—” denote the maximum wave forces in the +x- and —x-axial directions,

respectively.
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Fig. 19. The ratios of the maximum horizontal wave forces on Box B in the +x- and —x-axial

directions to the corresponding ones on Box A for all cases.

5.3.3 Wave moments

Fig. 20 presents the time series of the moments on Boxes A and B induced by the
crest-focused wave groups with 4=0.01 m, 0.04 m and 0.07 m, in which the moments are
normalized by pghAsBW. Three phenomena can be clearly seen. First, the maximum moments on
Box B (including in the +y- and —y-axial directions) are always remarkably lower than those on
Box A, which is similar to the related findings for both the maximum vertical and horizontal wave
forces. Second, for Box A, the maximum moments in the +y-axial direction are always larger than

the corresponding ones in the —y-axial direction, while for Box B, the former becomes
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significantly less than the latter. This phenomenon is not exactly the same as neither the vertical
nor the horizontal wave forces. Third, similar to the horizontal wave forces, the time series of the
moments on both boxes have almost identical magnitude but are anti-phase at the damping stage

of the fluid resonance.
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Fig. 20. Time series of the moments on Boxes A and B induced by the crest-focused wave groups

with 4=0.01 m, 0.04 m and 0.07 m.

Fig. 21 shows the variations of the normalized maximum moments on Boxes A and B with
respect to the focused wave amplitude. Similar to the maximum horizontal wave forces in Fig. 18,
the normalized maximum moments on both boxes and in both directions decrease gradually with
the focused wave amplitude. In addition, this figure more visually displays the finding in Fig. 20
that the maximum moments on Box B are always remarkably lower than those on Box A. The
ratios of the maximum moments on Box B in the +y- and —y-axial directions to the corresponding
ones on Box A for all cases are further demonstrated in Fig. 22. At the range of 0.01 m < 4 <0.06
m, the ratios of the maximum moments in both the +y-axial and —y-axial directions decreases
monotonously with the increase of the focused wave amplitude. As Ay further increases from 0.06

m to 0.07 m, the ratios of the maximum moments in both directions is only slightly increased. This
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illustrates that larger focused wave amplitude tends to cause more obvious shielding effect of the
upstream box on the downstream one in term of the maximum moments in both the +y- and —

y-axial directions overall.
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Fig. 21. Normalized maximum moments on Boxes A and B for all cases. The superscripts “+” and

“~”” denote the maximum moments in the +y- and —y-axial directions, respectively.
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Fig. 22. The ratios of the maximum moments on Box B in the +y- and —y-axial directions to the

corresponding ones on Box A for all cases.

maximum wave loads (including the maximum vertical wave forces, the maximum horizontal
wave forces and the maximum moments) during the transient gap resonance can be drawn. First,
the maximum wave loads on Box B are always remarkably lower than the corresponding ones on
Box A. Second, the normalized maximum wave loads on both boxes decrease gradually with the
increase of the focused wave amplitude overall. Third, in general, larger focused wave amplitude

tends to bring about more obvious shielding effect of the upstream box on the downstream one in

Hence, based on the phenomena shown in Figs. 13-22, the following main conclusions on the

term of the maximum wave loads.
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5.4 Higher-order wave loads

As mentioned in Section 3, the four-phase combination method proposed by Fitzgerald et al.
(2014) is utilized to assess the relative importance of the higher-order wave loads to the first-order
ones during transient gap resonance. Based on this method, the separation of a total wave force
into the first four order components can be achieved by controlling the phase of incident focused
waves (e.g. Chen et al. (2019); Fitzgerald et al. (2014)). In this article, the separated second-,
third- and fourth-order components of wave loads are added up and their summation is termed as
“higher-order wave loads”. It should be stressed here that the second-order difference-frequency
components is also included in the higher-order wave loads.

Fig. 23 presents the time series of the first- and the higher-order vertical wave forces on
Boxes A and B under condition of 4/=0.04 m. For the first-order components on both boxes (see
Fig. 23a and c), the maximum wave forces in the +z-axial direction are almost identical to the
corresponding ones in the —z-axial direction. The normalized maximum first-order wave forces in
the +z- and —z-axial directions on Box A are 0.4803 and 0.4819, respectively, and those on Box B
are 0.2572 and 0.2576, respectively. Different from the first-order components, the higher-order
vertical wave forces presents the obvious asymmetry on their maximums in both directions (see
Fig. 23 b and d). The normalized maximum higher-order vertical wave forces in the +z- and —
z-axial directions on Box A are 0.0421 and 0.0922, respectively, and those on Box B are 0.0517

and 0.0808, respectively. It reflects the strong nonlinearity of the higher-order wave loads.

Box B
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g g © 02572
3 I
) S0
g & 0.0
S, S, 0.2576 —~
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Fig. 23. Time series of the first- and the higher-order vertical wave forces on Boxes A and B under
condition of 4=0.04 m. (a) and (b) correspond to Box A; (c) and (d) correspond to Box B. The

superscripts “(1)” and “(h)” denote the first- and the higher-order wave forces, respectively.
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Fig. 24. Normalized first- and higher-order wave loads acting on both boxes for all cases. (a)-(c)

correspond to the vertical forces, horizontal forces and moments, respectively.

Fig. 24 presents the variations of the normalized first- and higher-order wave loads acting on
both boxes with respect to the incident focused wave amplitude, As. The symbol “I"” in this figure
represents the vertical wave force, the horizontal wave force or the moment on both boxes. 7"\

and I'"™ respectively denote the normalized first- and higher-order wave loads, which are

max

defined as:

1-'(1)*

max

ro :max(l““)+

max max

), (10)
and

() _ (h)+
I = maX(Fmax ,

max

- ) (11)
roc ro- r® and r® denote the normalized maximum first- and higher-order wave loads
in the corresponding positive and negative axial directions, which can be obtained directly from
the time series of the first- and higher-order wave loads (refer to the numbers marked in Fig. 23).
There are three obvious phenomena that can be seen from this figure. First, the normalized
first-order wave loads decrease gradually with Ay, while the normalized higher-order ones are
shown to increase with Ay overall. Second, the first-order wave loads on Box A are always
significantly larger than the corresponding first-order ones on Box B. Third, for both the
higher-order horizontal wave forces and moments (Fig. 24b and c), their values on both boxes are

presented to be always very close to each other. While for the higher-order vertical wave forces

(Fig. 24a), the similarity of their values on both boxes is available only when 4¢ < 0.3 m. As A;
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increases further, the higher-order vertical forces on Box A become obviously higher than the

corresponding ones on Box B.
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Fig. 25. Amplitude ratios of the higher-order components to the first-order components for the
vertical wave forces, the horizontal wave forces and the moments on Boxes A and B under

conditions of various focused wave amplitudes.

In this article, the amplitude ratio of the higher-order wave loads to the first-order ones is

defined as

(h)

& =Lm 100%, (12)

max

Obviously, the amplitude ratio, &, can measure the relative importance of the higher-order wave
loads to the first-order ones quantitatively. Fig. 25 demonstrates the amplitude ratios of the
higher-order components to the first-order components for the three kinds of wave loads (i.e., the
vertical wave forces, the horizontal wave force and the moment) on Boxes A and B under
conditions of various focused wave amplitudes. The following three phenomena can be clearly
seen. First, for all the three kinds of wave loads on both boxes, their amplitude ratios, ¢, are shown
to increase monotonously with the increase of the focused wave amplitude. Take the wave loads
on Box B for example. As Ay rises from 0.01 m to 0.07 m, the values of ¢ for the horizontal wave
force, the vertical wave force and the moment increase from 2.8%, 10.8% and 7.7% to 12.7%,
35.8% and 48.2%, respectively. This means that with the rise of the focused wave amplitude, the
higher-order wave loads become more and more remarkable compared with the first-order ones.
Second, for all the focused wave amplitudes considered, the amplitude ratios, &, for the vertical

wave forces and the moments are significantly greater than those for the horizontal wave forces.
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Third, for all the three kinds of wave load (especially for the vertical force and the moment), the

values of ¢ for Box B are always obviously larger than the corresponding ones for Box A.

6. Conclusions
The viscous flow model OpenFOAM® combined with the “waves2Foam’ toolbox is adopted

in this article to study the hydrodynamic characteristics of the transient gap resonance in a narrow

gap between two fixed boxes triggered by focused wave groups with various focused wave
amplitudes. The wave climates not only inside the gap but in the vicinity of the two-box system,
the response time and the damping time of the transient gap resonance, the maximum wave loads
on both boxes and the relative importance of the higher-order wave loads to the first-order ones
are comprehensively investigated. The results of the current research have provided new insights
of the hydrodynamic characteristics involved in the transient gap resonance excited by focused
wave groups.

The following conclusions can be drawn from the results of the present study:

1. The amplification factor of the free-surface elevation in front of the two-box system increases
monotonously with the increase of the focused wave amplitude, while the former both inside
the gap and at the rear of the system is shown to decrease gradually with the latter. From the
viewpoint of causing green water on the deck, the transmitted wave group at the rear of the
system has the least possibility. As for the other two positions (i.e, inside the gap and in front
of the system), the most vulnerable position to occurring green water closely depends on the
incident focused wave amplitude, 4. When A is relatively small, the most vulnerable position
is located inside the gap; when 4 is relatively large, the most vulnerable position shifts to in
front of the system.

2. The response time of the transient fluid resonance from the moment that the fluid just begins
to move from rest to the moment that the fluid achieves the maximum oscillations is almost
identical for all the focused wave groups considered. At the decaying stage of the transient
resonance, the envelop of free-surface elevation inside the gap is found to decay in an
exponential form. The damping time decreases gradually with the increase of the focused
wave amplitude, and the decline rate of the former also decreases gradually with the latter.

3. For the maximum wave loads (including the maximum vertical wave forces, the maximum
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horizontal wave forces and the maximum moments), it is shown that the maximum wave
loads on Box B are always remarkably lower than the corresponding ones on Box A. The
normalized maximum wave loads on both boxes decrease gradually with the focused wave
amplitude overall. In addition, in term of the maximum wave loads, larger focused wave
amplitude tends to bring about more obvious shielding effect of the upstream box on the
downstream one.

4. The relative importance of the higher-order wave loads to the first-order ones becomes more
and more remarkable as the incident focused wave amplitude increases, and their amplitude
ratios, ¢, may reach up to nearly 50% under condition of the largest focused wave amplitude
considered. The relative importance of the higher-order wave loads for the vertical wave force
and the moment are significantly greater than that for the horizontal wave force. In addition,
the relative importance of the higher-order wave loads for Box B is obviously greater than that

for Box A, especially for the vertical wave force and the moment.

Finally, we reaffirm here that these conclusions are only valid for the given geometrical
layout (including the water depth, the gap width and the size and draft of the two boxes), the given
spatial focused position (i.e., at the middle of the narrow gap) and the variation range of the

incident focused wave amplitude studied in this article.
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