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ABSTRACT

Development of Numerical Wave Tank Based on Multiphase Flow Model and Its
Application to Nonlinear Interaction between Wave and Movable Structure

In order to explore and exploit natural resources of seas and oceans such as water, food and
energy as well as to provide means for transport and other substructures, variety of coastal and
offshore structures have been built and utilized. No matter what type they are and what
functions they are used for, one thing is common, they are all under wave actions, which have
been noted nonlinear, severe in harsh sea conditions, dominant compared with other impacts
such as wind and current. Understanding the interaction between wave and structure is
therefore, one of the most important requirements to design and install safe, functional and
economical coastal/offshore structures. The experimental wave tank has proven its applicability
of studying the above-mentioned complex interactions, but its application is limited because of
high cost and technical limitations of the experimental facilities. Compared with the
experimental wave tank, the numerical wave tank possesses not only advantages such as lower
cost, higher efficiency, no reduce-scale effects, but also the large extensibility in the
spatio-temporal scale and the controllability. In the present study, this motivation was realized
by developing a numerical wave tank model capable of reproducing nonlinear wave-structure
interaction for both fixed and movable structures, considering the interaction between air and
water phase.

Starting with the idea that the interaction between wave and coastal/offshore structures
may be considered as representation of the interaction among the solid phase (structures), the
gas phase (air) and the liquid phase (water), a multiphase flow model with solid-gas-liquid
interaction proposed by Kawasaki and co-workers (2005~2009) is utilized to develop a
numerical wave tank in this study. In the model, the multiphase flow includes liquid phase
(water), gas phase (air) and solid phase (rigid body). The flow is represented by one set of
governing equations, and no special treatments need for boundary among three phases. In order
to realize the numerical wave tank, a non-reflective wave generator employing a source/sink
method for wave generation (Brorsen and Larsen, 1987), energy dissipation zone treatments
(Cruz et al., 1993; Hinatsu, 1992) are furthermore incorporated in the multiphase flow model.
The validity and utility of the proposed numerical wave tank model were then verified by a
series of simulations on wave propagation and energy dissipation zone effects, wave
propagation over a submerged dike and wave breaking process on the different uniform slopes.
More importantly, the proposed model was utilized to analyze the nonlinear interaction between
wave and a floating panel for wave overtopping reduction countermeasure proposed by
Kawasaki (2011). Good comparisons between the numerical and experimental results in all
simulations demonstrated that the proposed numerical wave tank is capable of reproducing the
nonlinear interaction between wave and both fixed and movable structures, considering the
interaction between air and water phase.

Keywords: Numerical wave tank; Numerical simulation; Multiphase flow model; Nonlinear
interaction between wave and structure.
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CHAPTER 1
INTRODUCTION

1.1 Study Background and Motivation

The seas and oceans play a very important role for our world not just because they give the
natural beauty for sightseeing but because they contribute to a variety of other resources such
as water, food and energy and provide means for transport and other substructures. In order
to explore and exploit all these resources indicated in Fig.1.1, many vehicle and facilities are
required (Moan, 2003). In the field of sfiore oil and gas industry, for example, several types
of platforms such as fixed platforms, floating platforms and so on have been built, as shown in
Fig.1.2. On the other hand, in order to protect coastal zones from a threat of storm surge, wave
overtopping and erosion, a variety of coastal structures such as vertical seawalls, wave absorbing
breakwaters and submerged breakwaters have so far been constructed and installed in coastal sea
areas. An overview of the various types of coastal structures and their applications presented
in Coastal Engineering Manual (CEM,2003) is shown in Eig. Although owning diférent
structural types as well as being used for different purposes, coastafsinoke structures are
all under wave actions. It is known that these actions are very severe in hash sea conditions,
random, and dominant compared with other impacts such as wind and current. In order to meet
the safe, functional and economical requirements for these structures, one of the most important
is that the interaction between waves and structures has to be understood completely.

It is known that when waves propagate from deepwater into shallow region, they shoal, re-
fract, reflect and their profiles may break at certain depths. When encountering coastal struc-
tures, some wave energy are dissipated and some energy are reflected. The remaining energy
may pass through the structure or pass over structures, cause running-up on the front face of the
structures, overtopping the structure crest, generating waves in the lee of structures. For coastal
structures having land in their lee, the remaining energy may result in wave overtopping, which
possibly produce flooding and possible damage to the area behind the structures (Sorensen,
2006). Moreover, violent fluid motions are observed in many cases such as wave breaking and
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Figurel.1 A sea of development for coastal and ocean engineering (Source: Moan, 2003)

Figurel.2 Various types of offshore plattform (Source: hep:wikipedia/wiki/Oil-plaform)

wave overtopping. as shown in Fi§jsl. The interaction between wave and coastal structures
are, therefore naturally nonlinear. Laboratory experiments have been considered as a unique
approach to understand the real interaction between waves and coastal structures. However, it
is known that the effects of this interaction are very dependent on the specific characteristics
of coastal structures such as the geometry and the surface roughness. Consequently, although
many experimental studies about the characteristics of the interaction between waves and struc-
tures have been conducted, the coastal designers still may face problems in determining specific
data for their projects. Numerical investigations on the interaction between wave and coastal
structures therefore should be required.

On the other hand, it was noted from a number of works (Faltinsen et al., 1995; Swan et al.,
1997, Stansberg, 2005; Buchner and Bunnik, 2007; Norsok, 2007) that the strong nonlinear
interaction between waves and offshore structures possibly might result in violent impacts such
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Type of Structure Ohjective Principal Function
Prevent or alleviate fiooding by the sea of low- Separation of shoreline from hinterand by a high
Seadike lying fand areas impermeable siructure
Protect land and structures from fiooding and
Seawall overtopping Reinforcement of some part of the beach profile
Revetment Protect the shoreline against erosion Reinforcement of some part of the beach profile
Bulkhead Retain soil and prevent sliding of the land behind Reinforcement of the soil bank
Groin Prevent beach erosion Reduction of longshore transport of sediment
Reduction of wave heighis n the lee of the
structure and reduction of longshore transport of
Detached breakwater Prevent beach erosion sediment
Reef breakwater Prevent beach erosion Reduction of wave heighis at the shore
Submerged sill Prevent beach erosion Retard offshore movement of sediment
Accumuiation of beach material on the drained
Beach drain Prevent beach erosion poriion of beach
Artificial infill of beaeh and dune matenal to be
Beach nourishment and Prevent beach erosion and protect against eroded by waves and currents in lieu of natural
dune construction flooding supply
Shefter harbor basins, harbor entrances, and Dissipation of wave energy and/or reflection of
Breakwater water intakes against waves and curents wave energy back into the sea

Floating breakwater

Jetty

Training walls

Storm surge biarmier

Pipeline outfall

Pile structure

Scour proteciion

Shelter harbor basins and mooring areas against
short-period waves

Stabilize navigation channels at nver mouths and
fidal inlets

Prevent unwanted sedimentation or erosion and
protect moorings against currents

Protect estuaries against storm surges
Transport of fluids

Provide deck space for iraffic, pipelines, etc., and
provide mooring facilities

Protect coastal structures against instabllity
caused by seabed scour

Reduction of wave heights by reflection and
attenuation

Confine sireams and tidal flow. Protect agamnst
storm water and crosscurrents

Direct natural or man-made current flow by forcing
water movement along the struciure

Separation of estuary from the sea by movable
locks or gates

Gravity-based stability

Transfer of deck load forces fo the seabed

Provide resistance to erosion caused by waves
and current

Figurel.3 Clasifficationof coastal structures (Source:

Coastal Engineering Manual, 2003)

(a) Wave breaking

Figure 1.4 Violent fluid motion on coastal structures (Source:
cnrc.gc.ca/enipp/chgcoastal/structures.html; b) httpyww.mlit.go.jp/hkbfiver-e.html)

(b) Wave Overtopping

a) Wiypww.nrc-
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Figurel.6 Greenwater on a ship under extreme wave (Source: Buchner, 2007)

as slamming, green water on deck and ringing which can damage to the strengfishofe
structures and the operation of the facilities on the top side offtisbare platforms. Some of

these impacts are shown in Figs.&arid1.6. Moreover, Sheikh and Swan (2005) presented new
laboratory observations concerning the interaction between a series of steep incident waves
and a vertical, surface-piercing column. It was shown from their study that if the incident
wave were steep, a strong and apparently localized interaction was clearly observed at water
surface. This, in turn, resulted in the scattering of high frequency waves, which could produce
a significant increase in the maximum crest elevation relative to those in the absence of the
structure. They concluded that this complex phenomenon was caused by the nature of wave-
structure interaction as well as nonlinear wave interaction. It is also noted from Buchner and
Bunnik (2007) that in case of the movable structures such as floating offshore structures, the
relative motion of structure under wave action was very important factor in determining the
effects of wave-structure interaction.
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Moreover, Moan (2005) and Moan (2007) reviewed important developments regarding safety
management of offshore structure, accidents and near-misses in the offshore oil and gas industry.
It was shown from his works that the hazards were caused by a technical-physjcalramdan
and organizational issues. For both issues, an improvement of knowledge about wave-structure
interaction was considered as a means to control the hazards and associated risks, meaning the
improvement of the reliability of structures.

It is demonstrated from the above-mentioned discussions that it is necessary to develop nu-
merical models for simulating the real wave-structure interaction. The laboratory experiment
with wave flume or wave basin is the most practical approach but its application is limited
because of high cost and technical limitations of the experimental facilities. Compared with
the laboratory experiment, the numerical simulation possesses advantages such as lower cost,
higher dficiency and so on. Turn back that the interaction between air and water as well as
the relative motions of the structure (in case of a movable structure) should be considered in
order to realize the interaction between wave and the structure. The motivation of this study
is, therefore, to develop a numerical wave tank model capable of reproducing wave-structure
interaction for both fixed and movable structures considering the interaction between air and
water phase.

Sea level rise is now acknowledged as a real threat to coastal zones. Additionally, the global
climate change increasingly causes frequency and severity of storms. As a result, coastal areas
are at risk of ocean-related disasters such as tsunami, wave overtopping, flooding and so on. A
countermeasure for wave overtopping reduction including a vertical seawall and a floating panel
installed in the steel frame, which is attached at the upright of the seawall, newly proposed by
Kawasaki et al. (2011), as shown in Figs,Infay be considered as an useful adaptive solu-
tion for preventing coastal zones from above-mentioned disasters. However, wave overtopping
reduction performance of this countermeasure should be numerically investigated to confirm ex-
perimental results as well as to obtain the further parameters, which has not completely achieved
in the laboratory experiments such as the water surface field around the system, wave pressure
acting on the front and back sides of floating panel. It is expected that these challenges could
be realized by the proposed model.

1.2 Literature Survey

It is known that wave impacts on coastal andhbéie structures are generally dominant com-
pared with other impacts such as wind and current. A good understanding of the mechanism
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(a) Under calm condition (b) Under wave action

Figurel.7 A wave overtopping reduction countermeasure using a floating panel

of the wave-structure interaction therefore will help the coastal and offshore designer giving
suitable design solutions in order to meet both the safe and economical requirements for the
structures. Because of this reason, several experimental, analytical and numerical studies on the
nonlinear interaction between wave and structure therefore have been preformed in literature.
Among them, researchers have been developed numerical wave tanks (NWT) in order to repro-
duce as closely as possible the interaction between wave and structures. In this section, some
aspects of NWT such as the generation of the wave in the NWT and NWT'’s applications are
reviewed. Further information could be found in Kim et al. (1999), Tanizawa (1999), Idelsohn
(2006) and Ma et al. (2009).

It was noted from Kim et al. (1999) that the methods of wave generation in a NWT were
categorized into five options as follows. The first one was the generatibrspace periodic
waves” , which was firstly proposed by Longuet-Higgins and Cokelet (1976). In their study,
the evolution of steady progressing waves was treated by imposing space-periodic boundary
conditions for the wave at the walls of the tank. No open boundary conditions were therefore
required. A similar work was also found in Xu and Yue (1992). In the second one, wave
was generated by the implement“ofuser-prescribed motions’at tank wall. Following this
idea, the piston-type wave maker, flap-type wave maker and plunger-type wave maker were
employed (Grilli et al., 1989; She et al., 1992; Kashiwagi et al., 200Bgeding velocity on
inflow boundary” was named for the third option, in which the fluid in the wave tank was
initially at rest and the numerical velocity or velocity potential of Stokes 2nd-order or solitary
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waves were imposed at the inflow boundary (see Boo et al., 1994). In the fourth option, a

prescription of incident wave field was implemented in the numerical wave tank whereas a time

marching simulation was started smoothly and a ramp function was applied to the boundary

condition (Ferrant, 1995). In the last option; aliscrete set of singularity”was introduced.

The characteristics including strength and position were set up by the user (Brorsen and Larsen,
1987; Ohyama and Nadaoka, 1991)

Various numerical wave tanks have been widely applied to investigate the wave-structure
interaction with both fixed and floating bodies. For the former problem, Ohayama and Nadaoka
(1994) studied transformation of a nonlinear wave train passing over a submerged rectangular
obstacle by using a NWT developed by the authors (see Ohayama and Nadaoka , 1991), in
which two absorption filters were proposed at both ends of the computational domain, and a
non-reflective wave generator introduced by Brorsen and Larsen (1987) was also incorporated
in the computational domain. Zhang et al. (1996) applied a Mixed Eulerian-Laragian (MEL)
boundary intergral scheme, which was originally proposed by Longuet-Higgins and Cokelet
(1976), to simulate plunging wave impact on a vertical wall. In their study, a computational
tank included a piston wave maker at one end, and a rigid vertical wall on the other end. For the
latter problem, Shirakura et al. (2000) investigated interaction between wave and floating body
by three-dimensional (3D) wave tank. In their studies, a Quadratic Boundary Element Method
(QBEM) was used to solve velocity and acceleration field considering the interaction between
wave and motions of floating body. Recently, Ma and Ya (2009) developed the Quasi Arbitrary
Laragian-Eulerian Finite Element Method (QALE-FEM) based on a fully nonlinear potential
theory to simulate nonlinear responses of 3D moored floating bodies to steep waves. In their
numerical wave tank, the wave maker was setup on the left side of the domain and a damping
zone with a Sommerfeld condition was applied at the right side of the computational domain
(see Ma et al., 2001 for detail). It was further found from their studies that numerical results
were well agreement with experimental results.

Through the above-mentioned investigations, it can be said that numerical studies have ob-
tained impressive results in analyzing nonlinear interaction between wave and both fixed and
floating bodies. However, it should be noted that all numerical models were solved based on
the potential theory for an ideal fluid with the assumption is that viscosity is neglected. There-
fore, their applications may not be suitable in case of the rotational flows as well as vortex
forms, which have been reported where wave breaks or near breaks, and where the bodies are
not large compared with wave length. To overcome this limitation, several studies based on
solving the Navier-Stokes equation, in which the viscositeaf were involved, have been
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proposedIn this approach, the pioneer works were presented by Welch et al (1965) for marker
and cell (MAC) method and Hirt and Nichols (1981) for volume of fluid (VOF) method. In the
MAC method, virtual market particles were used to track the free surface, whereas in the VOF
method, the free surface was reconstructed by a use of volumes of fluid in computational cells.
Compared with MAC method, the implementation of VOF was easier and less computationally
intensive (see Ashgriz and Poo, 1991), therefore many researcher have used the VOF method
to simulate fluid motion. Among them, Kawasaki (1998) is the pioneer incorporating the VOF
method into a numerical wave tank to study the interaction between wave and impermeable
structures. In his study, the non-generation source introduced by Brorsen and Larsen (1987)
was used for wave generator, and the added dissipation zones proposed by Hinatsu (1992) and
an open boundary treatment were combined in the numerical wave tank. Hur (2000) expanded
Kawasaki's model by using a porous model to study the interaction between wave and perme-
able submerge breakwater. All these studies, however, were based on sing-phase flow models,
in which the éfect of air movement on the surface was neglected. Consequently, the trapped
air bubbles inside the water as well as the splash water in the air might not fully treated when
the interaction between wave and structure results in violent surface such as wave breaking or
wave overtopping.

To deal with water-air interaction, some studies have been proposed recently. Hieu and Tan-
imoto (2006) presented a VOF-based two-phase flow model for studying wave breaking and
wave-structure interaction. The numerical results were compared with not only the experimen-
tal one (conducted by King and Kirby, 1994) but the numerical results simulated by some pre-
vious sing-phase models such as CADMAS-SURF model (2001) and Zhao et al. (2004). It was
found from the comparisons that the presented model could provide accurate numerical results.
Furthermore, the simulated results by the presented model are much more accurate than those
by using CADMAS-SURF model and others. Noted that CADMAS-SURF model was known
as one of the most accurate sing-phase flow models for simulating the interaction between wave
and coastal structures, the author concluded that the incorporation of air motion in their model
had contributed significant improvement to the accuracy of reproducing wave breaking, and
therefore the effect of air movement on the wave motion under wave breaking process should
be considered. On the other hand, the applicability of the above-mentioned studies in analyzing
the interaction between wave and movable structures has not been addressed.

Further review is discussed at beginning of relevant chapter in this dissertation.
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1.3 Study Objectives and Scopes

As discussed above, it is necessary to develop a numerical wave tank capable of simulating
the nonlinear interaction between waves and both fixed and movable structures, considering the
interaction between air and water phase. In order to realize this target, a numerical wave tank
based on a multiphase flow model with solid-gas-liquid interaction is proposed in this study.
The specific content of this study are as follows,

- Develop a numerical wave tank;

- Verify the validity and utility of the proposed numerical wave tank;

- Apply the proposed numerical wave tank to analyze the nonlinear interaction between wave
and a floating panel for wave overtopping reduction;

Although a three-dimensional wave tank is developed, all investigations are conducted in
the frame of two-dimensional applications. Investigations on three-dimensional applications
such as the generation of multi-direction wave, nonlinear interaction between wave and a three-
dimension floating body and so on will be addressed in subsequent studies.

1.4 Thesis Outline

The present study develops a numerical wave tank capable of reproducing nonlinear wave-
structure interaction by using a multiphase flow model with solid-gas-liquid interaction. The
content of this thesis is summarized as follows,

Chapter 2 develops a numerical wave tank model based on a multiphase flow model with
solid-gas-liquid interaction and verifies its validity and utility. First, a literature survey about
multiphase flow studies on wave-structure interaction is introduced. The formulations of the
multiphase flow model and numerical solutions are then addressed. In order to realize a numer-
ical wave tank, & source” to generate waves is established in the computational domain by a
use of a non-reflective wave generator presented by Kawasaki (1998), energy dissipation zone
treatments (Cruz et al., 1993; Hinatsu, 1992) representing for wave absorber are employed to
prevent wave reflection from open boundaries, and the tangent transformed CIP proposed by
Yabe and Xiao (1993) is used to capture interfaces among phases. In the verification part of the
proposed numerical wave tank, wave propagation and effect of energy dissipation zone in the
numerical wave tank are first examined to verify the validity of non-reflective wave generation
method and numerical treatments of energy dissipation zones. The validity and utility of the
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numericalwave tank in reproduce nonlinear interaction between wave and a fixed structure,
considering the interaction between air and water phases is then investigated through appli-
cations for analyzing wave propagation over a submerged dike and simulating wave breaking
process on dierent uniform slopes.

Chapter 3 discusses nonlinear interaction between wave and a floating panel for wave over-
topping reduction. First, the data of laboratory experiment is analyzed to identify key char-
acteristics of the wave overtopping reduction countermeasure. Next, numerical study is then
conducted. In order to consider the influence of the friction force induced by the collision be-
tween the floating panel and the steel frame on the floating panel motion, a damping term was
introduced into the motion equation of floating panel in the vertical direction. The numerical
model with modified equation of motion is then used to investigate characteristics of the coun-
termeasure for wave overtopping reduction and verify the experimental results. The pressure
acting on the side of the floating panel, which has not obtained in the laboratory experiment is
further examined.

Finally, an overview of the main conclusions of this study and the recommendation for future
research are presented in Chapter 4.

The flow chart of the present dissertation is shown inEEg).
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CHAPTER 2
NUMERICAL WAVE TANK MODEL

2.1 General

Starting with the concept that the interaction between waves and structures in coastal and
ocean fields may be considered as a representation of the interaction among the solid phase
(structures), the gas phase (air) and the liquid phase (wave, water), a numerical model can well
reproduce complex wave-structure interaction if all phases are treated in the model. Therefore,
this study pursues a multiphase flow model with solid-gas-liquid interaction in order to realize
the NWT model. The termti multiphase flow” is used to refer to any fluid flow consisting of
more than one phase or component (Brennen, 2005).

Various multiphase flow studies have been applied to coastal and ocean field, chemical en-
vironmental processes and so on. However, for coastal and ocean applications, only some
studies about the interaction between waves and structures have been introduced since a decade
ago. Kawasaki (2005a) and Kawasaki (2005b) developed two- and three-dimensional numerical
models of multiphase flow by employing a CIP (Cubic Interpolated Propagation) method and
an extended SMAC (Simplified Marker And Cell) method in order to analyze complex phys-
ical phenomena with solid-gas-liquid interaction. Kawasaki and Hakamata (2006) proposed a
new two-dimensional numerical model of solid-gas-liquid phase flows by improving the com-
putational algorithm to resolve mass conservation problem and introducing a LES (Large Eddy
Simulation) based on the Smagorinsky model. Furthermore, Kawasaki and Mizutani (2007)
confirmed the utility and validity of the model by comparing the numerical results with the
experimental ones regarding wave pressures acting on rigid bodies under bore action, which
was induced by the collapse of a water column. However, the model has been limited to the
numerical analysis of dynamic behavior of only one rigid body. Kawasaki and Ogiso (2009) de-
veloped a three-dimensional solid-gas-liquid phase flow model in order to analyze the dynamic
behavior of multiple rigid bodies. The previous models have achieved in some applications,
but still have some problems relating to the conservation of mass. These models also have
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not hadthe functions of a numerical wave flume including wave generator and non-reflective
boundary treatment. Hu and Kashiwagi (2004) introduced another two dimensional numerical
model based on the CIP method for simulating violent free surface. Itis shown from their study
that multiphase flow also includes liquid (water), gas (air) and solid (floating body) phases as
in Kawasaki (2005a, 2005b), however, a wave-maker was newly assumed as a solid phase and
a dissipation zone treatment for boundaries was considered, so functions of a numerical wave
tank were established. Zhu et al. (2005) and Hu et al. (2005) developed this model to investigate
interaction between waves and a horizontal circular cylinder, and to simulate dynamic behavior
of freely floating body under wave action. These studies have shown good results, but it was
noted that the numerical wave tank may encountercdifies in analyzing the large amplitude
motions for long time simulations (Zhu, 2006).

In this chapter, a multiphase flow model proposed by Kawasaki and co-workers is cho-
sen to develop a NWT model. In order to enhance the computational accuracy, a CIP-CSL2
(Constrained Interpolation Profile- Conservative Semi-Lagragian 2) method and the third-order
Adams-Bashforth scheme are incorporated in the numerical model. Moreover, a non-reflective
wave generator proposed by Kawasaki et al. (1998), and energy dissipation zone treatments pre-
sented by Cruz et al (1993) and Hinatsu (1992) are employed in order to realize the numerical
wave tank.

This chapter starts with the formulations of multiphase flow model with solid-gas-liquid in-
teraction, the computational algorithm and numerical methods for solving the formulations.
A “ source” to generate waves and dissipation zone treatments to prevent the reflection from
boundary are then presented. Next, a series of simulations are conducted to verify the validity
and utility of the proposed numerical wave tank model. The chapter ends with some conclu-
sions.

2.2 Numerical Wave Tank

A schematic sketch of the proposed NWT is shown in Eiy. As found in this figure, a
source to generate waves is introduced in the analysis zone, whereas energy dissipation zones
are added at both sides of the computational domain. Detailed explanation of wave generation
and energy dissipation zones will be presented at next sections.
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Figure2.1 Schematic sétch of the proposed NWT

2.3 Numerical Model

2.3.1 Governing Equations

The governing equations consist of the conservation equation of mass Eq.(2.1), the Navier-
Stokes equations Eq.(2.2), the pressure equation for compressible fluid Eq.(2.3), the advection
equation of density functions Eq.(2.4) and the equation of state for barotropic fluid Eq.(2.5).
The equations allow us to precisely compute not only incompressible but also compressible
multiphase flows.

ap  0(up)

- = 2.1

o ax (1)

ou; ou; 1dp fss 0 u

8_tl+uj8_x;:_;6_xi +gi+§+0_)(j(_Tij+2;Sij)_DiUi (2.2)

op, 9P _ 20

ot + uJ aXJ - pCIS(an q (23)

o 0 _

at " ax =0 (2.4)

o= f(p) (2.5)
0 (X#Xg) 2.6)
g (X=Xs)

where, x; is positionvector , y, z), u; is velocity component in the direction af p is fluid
density,p is pressurey; is gravitational acceleration vector @~g), fsiis surface tension term,
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7jj isturbulence termy is the codficient of viscosityS;; is strain rate tenso(l;/9x;+0u;/dx),

D; is dissipation coefficient used in added dissipation zdDgss local sound speed s time

andg, (I = 10 3) are density functions for respective phases &plid phasey,: liquid phase;

¢3: gas phase) that represent the rate of fractional volume for each phase in a cell and these
functions need to satisfy the relationshig:+ ¢> + ¢33 =1 (0< ¢, <1)inacel,lg=q(y,zt)

is wave generation source with its strengthassigned only at source ling € xs).

2.3.2 The Fractional Step Approach

By making use of the fractional step approach, the governing equations including the con-
servation of mass, the Navier-Stokes equations, and the pressure equation Eg2(21))are
divided into an advection step and a non-advection step. The CIP method developed by Yabe
and Aoki (1991) is used to calculate the hyperbolic equations for all variables at the advection
step, while equations at the non-advection step are solved with an extended SMAC method pro-
posed by Kawasaki (2005a), which can simulate both compressible and incompressible fluid.

[Advection Step]

oy oy
U= = 2.7
g Yy =0 (2.7)
op 0p _
Bt + ula_x,- =0 (2.8)
[Non-AdvectionStep]
auin‘*'l 1 apn+l
- _ = F* 2.9
at pn 8X| + | ( )
apn+1 ne~2 [8U?+1 ]
=—p'C -q (2.10)
ot S| ax
0pn+1 g (U?+lpn+l) -
+ =p""q (2.11)
ot (9Xj

Where, thesuperscript- andn + 1 respectively represent the time step after the advection step
and the next time stey;” represents external force term in the right hand side of Eq.(2.2) such
as gravity , viscous, surface tension and dissipation zone terms.

In this model, the resultant equations are discretized by employing non-uniform staggered
mesh grids, as shown in Fig.2.2. The velocities are defined on the grids, whereas the other
physical quantities are defined at the center of the cells. By using the non-uniform grid, the
computational load can be reduced.
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Figure2.2 Definition ofthe three dimensional non-uniform staggered grid

2.3.3 Computational Algorithm

Fig.2.3 presents the computational procedure of the numerical model. At first, the initial
and boundary conditions are set up and the wave source strength is distributed at all cells in
the computational domain. Next, the advection equations are solved by the CIP method to
get all variables. At the non-advection phase, by making use of the resultant variables after the
advection step, the extended SMAC method is applied to obtain all physical variables at the next
time step. The effect of surface tension on the gas-liquid interface is evaluated by using a CSF
(Continuum Surface Force) model presented by Brackbill et al. (1992), which interprets surface
tension as a continuous mass force across the interface. A LES (Large Eddy Simulation) based
on a DTM (Dynamic Two-parameter Mixed) model developed by Salvetti and Banerjee (1995)
is applied for estimating turbulence quantities. After calculating the non-advection phase, the
conservative equation with the updated velocity variables is solved by CIP - CSL2 (Constrained
Interpolated Profile - Conservative Semi-Lagrangian-2) proposed by Nakamura et al. (2000).
Finally, all physical quantities are updated after the calculation of the positions of multiple rigid
bodies at the next time step is finished.

By applying the above-mentioned procedure, the numerical model might be assumed as a
numerical multiphase turbulence model, which can simulate the dynamic behavior of the solid-
gas-liquid interaction.
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Figure2.3 Flow chart of the multiphase flow model

2.4 Numerical Solutions at the Advection Step

Various CIP schemes are used for solving governing equation in the advection step. There-
fore, this section will start with a brief review of the CIP scheme development.

2.4.1 Development of CIP Schemes

Takewaki et al. (1984) proposed a new cubic-polynomial interpolation method for solving
hyperbolic-type equationswhere the gradient of the quantity is a free parameter, which may
be corrected by using the values of quantity in order to get low diffusion and stable results.
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Figure2.4 Concept ofone-dimensional CIP Scheme

The scheme uses a Cubic polynomial for Interpolating the Propagation of the quantity and its
spatial derivative so it was named th€IP” scheme from that time on. Yabe and Aoki (1991)
proposed a compact CIP scheme (type A-CIP scheme) for solving general hyperbolic equations
in one dimension. The scheme divides the equations into advection and nonadvection phases.
The nonadvection phase is solved with a finite-difference method whereas the advection phase
uses a spatial profile interpolated with a cubic polynomial within a grid cell by assuming that
both a physical quantity and its spatial derivative obey the master equation. Yabe et al. (1991)
extended straightforward the one-dimensional compact CIP scheme to two and three dimen-
sional scheme (type 2A and 3A-CIP scheme). Nakamura and Yabe (1999) proposed a new
CIP method in which multi dimensional case is extended from one dimension by using time
splitting technique for solving the hyper-dimensional Vlasov-Poisson equation in phase space.
The method was found easy to program in multi dimensions and guarantee mass conservation,
however, it is difficult to directly apply this scheme for solving general hyperbolic equations
(Nakamura et al., 2001). Yabe et al. (2000) developed conservative semi- Lagrangian scheme
called CIP-CSL2 for solving hyperbolic equations in one dimension, in which an additional con-
straint condition of cell integrated value (mass) is incorporated in the CIP method to construct
the interpolation functions. This CIP-CSL2 scheme is then extended for multi-dimensional hy-
perbolic equations with directional splitting technique by Nakamura et al. (2000). It is stated
that the newly CIP-CSL2 scheme provides high accuracy and Iffusihn with guaranteeing

exact mass conservation.
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2.4.2 TheType-A CIP Scheme
(1) One-dimensional CIP Scheme

Yabe and Aoki (1991) presented the CIP scheme for solving the advection equation pre-
cisely, taking advantage of the hyperbolic equation, as shown in Eq.(2.12), which indicates one
dimensional advection equation of a physical quantityith the velocityu in the propagation
directionx. The concept of the 1-D (one-dimensional) CIP scheme is based on an assumption
of f(x,t) = f(x—ut,0), as described in Fig.2.4. As shown in Fig,al#e physical quantity at
the next time steg (X, (n + 1) At) can be interpolated from the physical quantity at the present
stepf (% — UjAt, nAt) in the range of the intervak{_1, x].

On the other hand, if we differentiate Eq.(2.12) with the variahlEq.(2.13) is obtained,
in which f, stands for the spatial derivative éfin x direction. In the simplest case, where
the velocityu is constant, the right hand side of Eq.(2.13) becomes 0. Therefore, Eq.(2.13)
coincides with EQ.(2.12) and represents the propagatiofy @fith the velocityu. By these
equations, we can trace time evolutionfoand fy.

of of
ﬁ'i'ua—x =0 (212)

Ot 9% _ _du
ot ox ~ ox

When boththe values off; and its spatial derivativéy are given at two grid pointsthe profile

(2.13)

between these points can be interpolated by a cubic polynomial, as shown in Eq.(2.14)

Fi(x) = ALX® + A2X? + A3 X + A4 (2.14)

whereX = X — X;.
The profile at time step after the advection stejs then obtained by shifting the profile at
the time steft” by uAt, as shown in Eq.(2.15) and Eq.(2.16).
f* = F (% — UAD = AL&® + A26% + fé + fi (2.15)
fr = dF (% — UAL) /dx = 3ALE? + 2A2¢ + fy (2.16)

where,& = —uAt. The four unknown coefficients in Eq.(2.14) are determined in Eq.(2.17)0
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(2.20) adollows:
_ fui + fxim 2(fi - fiml)

- L 20 (2.17)
. 3(fiml_ f,) _ 2(f| - 1:iml)

A2 = e e (2.18)

A3 = f, (2.19)

A= 1 (2.20)

wherelAX = Xim1— X0im1 = i-sign(u). f;, fi_1, fx and fy_1 stand forF (x;), F (xi_1) , Fx (%),

Fx (Xi_1) respectively. In the steady flow, the velocitys constant and therefore the advection
eqguation can be solved by the above calculation. However, in the real flow where the veloc-
ity u varies spatially, the right hand side of Eq.(2.13) can not be neglected. For such cases,
Eq.(2.13) is divided into Eq.(2.21) and Eq.(2.22). The non-advection part of Eq.(2.21) is solved
by Eq.(2.22), in which the finite @fierence method is used. The updated vdlues obtained

after solving Eq.(2.21).

of ofn
a—: + Ua—))(( =0 (221)
afd .ou

0)1(: = _fxa_)( (222)

The key the CIP scheme is in the way of determining a physical quantity and its of the spatial
derivative. First, a physical quantity and its spatial derivatives are taken as dependent variables
to construct a profile. Consequently, a cubic polynomial can be determined by making use
of the information at grid points of only a grid cell. Moreover, the use of spatial derivatives
makes the profile inside a grid cell well-constructed. This means that in order to obtain a given
computational accuracy, the CIP scheme may need the number of grid points less than those
required by other high-order schemes.

(2) The Type 3A-CIP Scheme

As mentioned above, one-dimensional type A-CIP (1A-CIP) can be extended into three-
dimensional (3A-CIP) in a straightforward way. The advection equation of a physical quan-
tity f in three-dimensional Eq.(2.23) is derived with respeck,tg, z in order to achieve the
governing equation for its spatial derivativ%%, asshown in Eq.(2.24),

of of

d [ of o (of\  ou;(of
O (ot 0 (2f)_ _ou(of 2.24
at(am)”‘ax,- (am) % (ax,-) (2.24)
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The profilefor f is derived by the procedures similar to one dimension, as shown in Eq.(2.25)

Fi,j,k = [(Cli’j,kx + C2i,j,kY + C3i,,-,kZ + C4i’j,k)x + CSi’j,kY + fxi,j,k]x
+[(C6i7j’kY + C7i,,-,kZ + C8i,,-,kX + Cgi,j’k)Y + Clq,j,kZ + fyi,j,k]Y
+[(C11jxZ + C12, i X + C13jkY + C14 j)Z + C15 jx X + jk]Z
+Cla’j’kXYZ+ fi,j,k (2.25)

whereX = x—x0Y = y—y;Z = z-z0C10 C16 are sixteen coefficients of cubic interpolation
functions in three dimensions.

The physical quantity after the advection sfg& and its spatial derivativefy; j’kny*i’ j,ksz*i,j,k
are required to be continuous in order to determine théicent of C10 C16. As a result, we
obtain.

ffik = [(CLi jké + C2i jk{ + C3j jkn + Ciji)é + C5i jkd + fxijlé
+[(C6jk¢ + C7ijxn + C8 jké + C9, )¢ + C10 jn + Ty jkl¢
+[(C1% i + C12 k€ + C13 jk{ + CL4 ji)n + C15 1€ + i jkln

+C16,jké¢n + fijk (2.26)
fx*i,j’k = (3C1;,jk€ + 2C2 ¢ + 2C3; jxn + 2C4 j )€ + C5; jkd + fyijk

+C8; k% + C12 ji* + C15 i + C16, k{1 (2.27)
f;i, k= (3C6;,j k¢ + 2CT; jxn + 2C8; jxé + 2C9; jk)¢ + C10 jxn + T, jx

+C13,ja7° + C2, j i€ + C5; & + C16 jyén (2.28)
fz*i’j’k = (3C1% jkn + 2C12 k& + 2C13 jk{ + 2C14 i )n + C15 k€ + fzijx

+C3, k&2 + CTi jk¢% + CLQ jkl + C16 &l (2.29)

wherel é= —UAt ¢ = —vAtO n = —wAt.

2.4.3 The Type-M CIP Scheme

Although the type A-CIP scheme is a high-precision numerical scheme, the implementation
of this scheme in multi dimensions requires a very complicated in programming. Further more,
the type A-CIP scheme might cost high computational load. Therefore, the type-M CIP scheme
proposed by Nakamura et al. (1999) with a highcgency in solving multi dimensions is
introduced in the present model. As shown in Ei§, far from the type A-CIP scheme, in
which three-dimensions is extended straight forwards from the one-dimensional case, the type
M-CIP scheme uses the fractional step technique to extend one dimension to multi dimensions,
and therefore a complicated implement for the codes can be avoided.

In this section, the factional step technique for extending one dimension to three dimensions
and the differential equation for solving by the central difference method are introduced. For
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Figure2.5 The concepof M-CIP scheme

simplicity, the equation for calculating the advection step Eq.(2.30) and equation for updating
the spatial dierence by central difference method Eq.(2.31) in one dimension are expressed,

CIP-y (F".F) — F™LF}*) (2.30)
CENTER-y (F] — F*) (2.31)

where O y represent fox yO z.

By the above expression, the above equations for type M-CIP scheme in three dimensions are
extended into Eqs.(2.32)(2.40).

The updating procedure can be explained by STEP 2, for example. In this step, the value
after advection irx direction is used for solving the advection equatiop olirection equation.
However, it must be noted tha{; andF! is not yet obtained after Eq.(2.32), but is obtained
after Egs.(2.33) and (2.34). To solve Eq.(2.33) and Eq.(2.34), the central difference method is
proposed by Nakamura (1999) is used.

[STEP1]
CIP-X (F"Fy — FLF) (2.32)
CENTER-X (F) — F;) (2.33)

CENTER-X (F} — F;) (2.34)
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[STEPZ]
CIP-Y (FLF; — F2F2) (2.35)
CENTER-Y (F} — FJ) (2.36)
CENTER-Y (F; — F?) (2.37)
[STEP3]
CIP-Z (F%FZ— F™. F*) (2.38)
CENTER-Z (F; — Fy*) (2.39)
CENTER-Z (F2 — F*!) (2.40)

Herein, the procedure for solving Eq.(2.33) is summarized. First, taking a derivation of the
advection equation ix direction Eq.(2.41) iry direction. we obtained Eq.(2.42)Using the
central difference method for Eq.(2.42), Eq.(2.43) is formed, in which the valiig/ 8k, which
is advanced of after advection in STER1?/dx, is used for solving Eq.(2.43).
AN
ot ox

[45:),. (45
g, — 9y . 0X; js1 0XJ; j-1

At ij + O.S(ij_l + ij+1)

0 (2.41)

=0 (2.43)
whered g = df/dy.

2.4.4 Exactly Conservative Semi-Lagrangian Method CIP-CSL2

This section presents exactly conservative semi-Lagrangian Method CIP-CSL2 schemes for
solving the equation of mass, introduced by Yabe et al. (2000) and Nakamura et al. (2000).
These schemes are used in the model in order to enhance the accuracy of the computational
results. Since the method based on the "Constrained Interpolation Profile” scheme, which pro-
vides a more general concept than original CIP in involving a larger variety or a wider spectrum
of the numerical technique to construct a semi-Lagrangian scheme but keeps the many good
characteristics of the original CIP scheme, the authors adopt CIP as a phrase standing for "Con-
strained Interpolation Profile”.
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(1) One-dimensionalCIP-CSL2 scheme
Herein, a method to solve the conservation of mass Eq.(2.44) is presented,

of o(uf)

= + = 0 (2.44)
Starting withthe following advection equation,

oD oD

E + U& =0. (245)

Takinga spatial derivative of Eq.(2.45) and definiBg = f Ddx, a conservative-type equation
Eq.(2.46) is obtained,

oD’ N o(uD)
ot 0X
Because Eq.(2.46 the same as Eq.(2.44), the idea of uding= f in Eq.(2.46) and = f fdx
in EqQ.(2.45) is suggested. On the other hand, the Eq.(2.45) is exactly an advection form, there-

= 0. (2.46)

fore the CIP procedure can be applied. However, the original CIP scheme given in the previous
section uses the value 6fand its first-order spatial derivativef /9x at the computational grid
points to construct a profile inside the grid cell, herein the valué afd its integral function,
D = [ fdxare used.

By this analogy, a function d; is presented in Eq.(2.47), and an approximation of its profile
by a cubic polynomial is shown in Eq.(2.48),

Di (X) = fx f (@) da, (2.47)

D; (X) = A)l- X3+ A2 X2 + X, (2.48)
where,

f(x) = aDéi)EX) = 3ALXZ + 2A2X + ", (2.49)
From thedefinition of D in EQ.(2.47), itis clear that,

Di () = 0 (2.50)

Di (Xim1) = =sign(u) pigy (2.51)

where[pince” is the total mass of upwind cell defined at the cell centel/2,im1= i - sign(u)

and icell=i — sign(u) /2.
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It is also noted thadD/ox = f, therefore EQ.(2.52) and Eq.(2.53) are also obtained,
aD; ()

_ .n
P £, (2.52)
0Dj (Xim1)
= o (2.53)

Therefore, thecoefficientAl; and A2, are determined in order to satisfy the constraints of
Egs.(2.50) (2.53) as follows,

_ £+ fo . 2sign(u)dly

iml

2.54

AX? AX3 ’ ( )
2fN + N 3signf)p!!

A2 = — i iml |ceII, 255

2 AX AX2 ( )

wherelJAX = Xm1 — X. Basedon the values oAl;,A2;, the value off after the advection phase
f* is obtained,

f = W = BALE” + 2A2¢ + " (2.56)
where £ is thecodficient defined by the remapping procedure, which is explained in Nakamura
et al. (2000).

Now turn back to the time evolution df, which is calculated in the same way as the original
scheme. The conservation of mass Eq.(2.44) is split into two steps:

[Advection step]
of of

ﬁ + Ua—x =0, (257)
[Non-advectiorstep]
of ou

After theadvection phase is solved, the non-advection phase is calculated with the results of
the advection phase by using the finite difference method as follows:

Uiy1/2 — Ui-1/2

fin+1 — fi* _ fi* A

At (2.59)

where, f* is thethe value off after the advection phase, as shown in Eq.(2.56).

(2) The Type 3M-CIP-CSL2
The CIP-CSL2 scheme is a high-accuracy numerical scheme. However, the supplementa-
tion of the constrained conditions makes the extension to three dimensions complex, and fur-
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ther heay computational load. Therefore, the fractional step technique is used to extend this
scheme to three-dimensional case. By using the fractional step technique, the implementation
for extension is programmed easily.

First, using the fractional step technique for extending the conservation of mass Eq.(2.60) in
three directiorx, y, z, Egs.(2.61)0 (2.63) are obtained. The CIP-CSL2 scheme for one dimen-
sion is then applied.

of N o(uf) N 0 (vf) N o0(wf) _

ot X Oy 0z 0 (2.60)
% ' % -0 (2.61)
% " (a_;) -0 (2.62)
?9_: . % 0o (2.63)

The CIP-CSL2algorithm in one dimension is introduced in Eq.(2.64).
CIPCS1d (u, f" = ™ p" — p"*, x) (2.64)

where,f is an advection functiom is cell-integrated quantity.

Make a use of the type 3M-CIP for Egs.(2.61)0 (2.63), EQ.(2.60) is solved by the procedure
shown in Eqgs.(2.6%) (2.76).

[Steplx-direction]

CIPCS 11d (u, f" > 5Pl ol — o} x) (2.65)
CIPCS Ud (u,0) - o}°", S}, — S3°P1x) (2.66)
CIPCS1d (u, 0§ — 07", S), — S5°P1 %) (2.67)
CIPCS 1d (u,S}, - Sjit.p" — p'ePL x) (2.68)

[Step2:y-direction]

CIPCS L1d (v, fSIef — fstel gRePl_, 2eP2 ) (2.69)
CIPCS L1d (v, o™ - o*P2 SP! — 5P ) (2.70)
CIPCS L1d (v, 05" — o3°P2 ST°! — ST°F ) (2.71)

CIPCS 11d (1, S5P - SEEP5 ptePt — pF ) (2.72)
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[Step3:z-direction]

CIPCS 11d (w, f5¢® — ™1, 3P o0+, 2) (2.73)
CIPCS 1d (w, 03P > oy, SFEF — St 7) (2.74)
CIPCS 1d (w, oy P o™, SJFF — SiH, 7) (2.75)
CIPCS 11d (w, S5 P — S, p™eP2— p™, 2) (2.76)

where,o and S represent the line density and surface density, respectively. The locations of
all variables are shown in Fig.2J6The determination of line density and surface density cell-
integrated mass is found in Eqgs.(2.77)0 (2.83).

Xi-1
Txi-1/2jk = f f (X, Yjs Zk) dx (2.77)
X
Yj-1
Tyij-1/2k = f f (X, y, z) dy (2.78)
,
-
O2iike1/2 = f f(%.yj.2)dz (2.79)
Z
Xi-1 Yj-1
Snio1/2)1/2k = f f f (% y, 2 dxdy (2.80)
Y -1
Syai i1 /2k 12 = f f (%, 4.2) dydz (2.81)
zk
JZk 1
Z X
k-1 Yi-1
Prr2i a2k f f f (x,4.2) dxdydlz (2.83)
Zc Yj

As mentioned in M-CIP procedure, to solve Eq.(2.69) in STEEEf,plmust be advected by
Eq.(2.66)0

Herein, the procedure for solvmggjte'd is described. Taking a intergation of Eq.(2.61)yin
direction, Eq.(2.84) is obtained. And then, use of the definition of the line density in Eq.(2.84),
the advection equation of the line densityis formed in Eq.(2.85).

Yirt 6(u f) B
fy; { = o }dy =0 (2.84)
do, g (UO'y)
o " ax 0 (2:89)

In Eq.(2.85),0, is advected by using the surface dens8y,. Time evolution ofS,, is
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Figure2.6 The locationf the variable in 3M-CIP-CSL2 scheme

calculated using Eq.(2.86) and Eq.(2.87).

stepl _ coh ) _ N
Seyir1/2j+1/2k = SOxyiv1/2j+1/2k ¥ ASxyirtjr1/2k = ASxyijr1/2k (2.86)
Xite
ASyyij+1/2k = f Ty, j+1/2.kdX (2.87)
Xi

Next, the procedure for solving Eq.(2.68) is explained. Taking a integration of the advection
equation off in yOzdirection, as shown in Eq.(2.88), and then making a use of surface density
of S,;, it leads to the advection equation®;, Eq.(2.89),

Zi+1 Yj+1 (9f a(uf)
— dydz=0 2.88
j; j;] {6t " OX } yaz ( )
ot =0 (2.89)

Finally, the cell-integrated mass after STEP1 is advected by &jngbtained from Eq.(2.89),
as shown in Eq.(2.90) and Eq.(2.91)0

pﬁtfka = Piljk T ApirLik — Apijk (2.90)
Xi+&
Api,j,k = f Syz (X) dx (2.91)
Xi

wherel €= —u; jKAt.
By applying the above-mentioned procedure, Egs.(2.65)0 (2.76) are solved. Consequently,
the conservation of mass in three dimensions is completely calculated.
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2.5 Numerical Solutions at the non-Advection Step

2.5.1 SMAC Scheme

As the above-mentioned, the values of physical quantities after the advection step are used
to calculate the non-advection step. However, Eq.(2.9) and Eq.(2.10) at the non-advection step
cannot be solved explicitly since the unknown variables at the next time step are included in
both the left and the right sides of the equations. Therefore, the extended SMAC method is used
in this model to compute for both compressible and incompressible fluids.

First, a predicted velocity; is computed with the help of variables after the advection step
urOp*, as shown in Eq.(2.92). Moreover, the third-order Adams-Bashforth method is applied for
calculating the external force term after the advection step in order to achieve the high accuracy
for calculation results.

G-y 1op 23, 4. 5.,
_ 230 4, O 2.92
At xSt TIN T (2.92)
A=—+ 7% —Tj] +2 -Sij| - Dy (2.93)
fn 5
A" = —+8—X(—T + oK ns{}) DiuP (2.94)
]
A= pf;_l * 3 (_ it 20T 1) Dy (2.95)

where, superscriptrepresents for the time step after advection; superscrigpresents for the
current time step, and superscript 1 represents for the previous time step.

Next, take a divergence of Eq.(2.9) and substituting Eq.(2.92) in the left side of the resultant
equation, Eq.(2.96) is obtained,

ut-a 19
=-=—5 2.96
. o OP (2.96)

whered § = p™t! - p*.
The Poissiorequations for the pressure correctmj’f”/axj, which is shown in Eq.(2.97), is
derived by taking the divergence of Eq.(2.10) and substitLﬂUTgl/axj using Eq.(2.96)
0 190 1 100, 1
— [ =—=6p|= ——56 — - 2.97
ox (p” ax p) prczae’P T Atay T At (2.97)
It is shown in Eq.(2.97) that the first term of the right-hand side contains the local sound speed
in the denominator, therefore this term is automatically ignored in comparison with other term
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in the case ofCs is large, which mean the fluid is compressible. This is the same procedure
as a SMAC method for the incompressible fluid. Consequently, the computational algorithm
proposed is considered as a SMAC method extended to compressible fluid (Kawasaki, 2005a).
Interestingly, a unique algorithm can be used for both compressible and incompressible fluid.
In this model, the Poisson equation is solved by an ILUCGS (Incomplete LU decomposition
Conjugate Gradient Squared method).

Then, the variables at the next time an’b,l andp™! are updated by Eq.(2.98) and Eq.(2.99).

U™ =G - = —=op (2.98)
p™t=p"+6p (2.99)

On theother hand, the conservation of mass Eq.(2.11) is solved by splitting technique. First,
EqQ.(2.100) is calculated by the 3M-CIP-CSL2. The value of density obtained from Eq.(2.100)
is then used to update the density at the next timetep as shown in Eq.(2.101)

1.n
pr=p" (") _
At ax 0 (2.100)
P = p* 4 prgAt (2.101)

Finally, the first spatial derivatives of physical quantityin three directionf,O f,0 f, are
updated by Eqs.(2.102)(2.104).

1 1 * %
el _ g Z(fiﬁ,j,k -k foj+ fi—l,j,k) (2.102)
Xk bk AXis1 + 2% + A% 1 '
1 1 * *
el g Z(fi,nj:l,k = fik et fi,j—l,k) (2.103)
YT Ayjs1 + 28y; + Ayja '
2 (f_n_+k1 - f_n_+k1 - fi*' 4 fr )
% NE L k= L k+1 i,j,k—1
fz”.ﬁlk = fijkt i - - (2.104)

AZ 1 + 204+ Az _q

2.5.2 lIterative Method for Solving Poisson Equation
The pressure correctiaip in the Poisson equation Eq.(2.97) is discretized as follows,

AKM; jk-0pPijk-1 + AIM jk-0Pi j-1k + AIM; jik-0Pi—1,jk + ADj jk-0Pijk
+AIP, k- 6Pis1jk + AR k0P j+1k + AKP k-0 Pijke1 = Bijk (2.105)

where, the cocients of Eq.(2.105) are determined based on the values of densities after the
advection step, whered ;x contains the wave source termpiAt and the predicted velocity
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Ui, j.k
2 1
AKM, jy = — . - (2.106)
pi,j,kAZk—l + pi,j,k_lAZk Az
2 1
AM= o : Ay; (2.107)
pi,j,kAyi—l + Pi,j_l,kij Ay
2 1
AlM; ji = — : L 2.108)
o pi,j,kAXi—1 +pi_17j’kAXi AX;
AD 2 . 2 1
.,.’k = - " " ” - L
) pi’j’kAXi_l +pi—1,j,kAxi pi+1,j,kAXi +pi,j,kAxi+l AX;
2 N 2 ] l
P iAYi-1+ P A 0D+ P A1) Ay
2 N 2 ] 1
pij»kAZk_l + pij,k—lAZk pi*,j,k+1AZk + pij,kAZkH Az
1
. C2 (2.109)
i, j,szi, KAt
2 1
A= o . A% (2.110)
pi+1,j,kAXi + pi’j,kAXHl AX
2 1
A= o Ay By, (2.111)
Pk + 00 AY 1 Ay
2 1
AKP, = — . - (2.112)
Plikr1D% + 07 AZr AZ
B, = i ﬁi,j,k - lji—l,j,k 4 5i,j,k - 5i,j—1,k N J)i,j,k - lz)i,j,k—l _ ﬂ (2 113)
Al Ax Ay; Az At :

2.5.3 SurfaceTension Model

A CSF tension model developed by Brackbill et al.(1992) is introduced in the Navier-Stokes
equations to evaluate efit of surface tension between gas and liquid phase. The CSF model
assumes that the interface between gas and liquid phase, the thickness of which is in fact 0 has
some transition ranges, as shown in Fig.2.7. The surface tefsisriormed as Eq.(2.114).

Voo @2
fo = ox P2 2.114
TKTps < 92 > (2.114)

where,o is the coefficient of the surface tensianis the curvature, [ = 10 < ¢, >= 1/2.

The curvature is calculated by Eq.(2.115), in whiahis the unit normal vector to the surface.

k=—(V-0) (2.115)
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In principle, the curvaturec can be directly calculated based ¢xn However, it might be
difficult to obtain the curvature by this way because the valuesgsfat the interface changes
rapidly. In order to obtain proper values of the curvature, a smoothing equatign &irthe
interface is used as follows,

1 1 1
¢2i,,-,k :§¢2i,j,k + E 1+6C, + 12C, + 8Cs [¢2i,j,k + Cl(¢2i—1,j,k + ¢2i+1,j,k + ¢2i,j—1,k + ¢2i,j+l,k

+¢2i,j,k—1 + ¢2i,j,k+1) + C2(¢2i_1,j-1,k + ¢2i—1,j+1,k + ¢2i+1,j—1,k + ¢2i+1,j+1,k + ¢2i—1,j,k—1
+¢2i—1,j,k+l + ¢2i+1,j,k—1 + ¢2i+1,j,k+1 + ¢2i,j—l,k—l + ¢2i,j—1,k+1 + ¢2i,j+l,k—l + ¢2i,j+1,k+1)
+C3(¢2i—1,j—l,k—l + ¢2i—1,j—l,k+l + ¢2i—1,j+l,k—l + ¢2i—1,j+1,k+1 + ¢2i+l,j—1,k—1 + ¢2i+l,j—1,k+1

+¢2i+1,j+1,k—1 + ¢2i+1,j+1,k+1)] (2.116)

where(Cy = 1/(6 + 12/V2+ 8/ V3)0 C, = Cy/ V20 Cg = Cy/ V3.
It is noted that the smoothed valuesg#fare used only for determining the curvature. For
other calculations, non-smoothed valueggtre used as normal.

2.5.4 Turbulence Model

The turbulence formed by a complex interaction between different scale vorties is always ob-
served in the real flows. For the analysis of such turbulence flows, in the large eddy simulation
(LES), only the large-scale field greater than the grid-scale (GS) is directly resolved while the ef-
fect of the unresolved small-scale field named the subgrid-scale (SGS) is modeled. In early LES
calculations, the SGS was modeled by pioneering Smagorinsky model (Smagorinky, 1963), dy-
namic Smagorinsky model (DSM; Germano et al., 1991), dynamic mixed model (DMM; Zang
et al., 1993). These models, however, have shown the lack of accounting for backscatter of en-
ergy from small scales to large scales. In this study, the DTM (Dynamic Two-parameter Model)
model proposed by Salvetti and Banerjee (1995) is used for calculating SGS.

Figure2.7 The concepbf the CSF model
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In theDTM, SGS stress term; is devided into three components as shown in Eq.(2.117)
7ij = L7+ G+ R (2.117)

WhereDLi”j1 is the modified Leonard tensc@{}‘ is the modified cross tenSDRT}‘ is the modified
SGS Reynold tensor. Each tensor is separately Galilean invariance

Li”j"l] Ci”j1 expressed in Eqg.(2.117) are formed by two components, which are the GS (Grid
Scale) component and the SGS component. In the DTM, the relation bewgbtmcir}‘ is
assumed. Therefore, orﬂ;{}‘ needs to be evaluated. For the determination of the modified SGS
Reynold tensoF{}' only the second component is neglected. By using grid filter and test filter,
the SGS tensor; andT7 are obtained as follows,

= Lo~ CSZ2|§|§ij (2.118)
TS = L% CA ISIS, j (2.119)
L =G0, - GU; (2.120)
L = fm, —ﬁﬁj (2.121)

where, wer bar represents grid filterrépresents test filtefﬁ is denoted byﬁ = Tjj — 0ij Tkk/ 3.
In the DTM, the SGS tensmi"j is calculated by Eq.(2.122),

7} = CLL - G [S[S;, (2.122)
where,model coefficien€_ andCg are determined by,

~ (LEHI M Mip) = (LM KHI M)

" CHEHE My M) = CHEMCHE M) (2.123)
(L MACHEHE) — CLEHHEMG)
= (2.124)
® T (HEHE My Mig) — (HE My HE M)
Lij = GU; - G (2.125)
Mij = a?S[Si; - ISIS;; (2.126)
Hi; = G — G| (2.127)

where ais theratio between the width of test and grid fiIteE/K).

Unlike the Smagorinsky model using a simple turbulence model, the DTM model computes
dynamically 2 model coefficients by using the GS (Grid Scale) component. Consequently, the
transportation of the energy from SGS to GS is considered and the DTM takes the advantage
in keeping small fluctuation of model ciheients as well as maintaining the local stability.
Therefore, the DTM can be well calculate the turbulence flow with complex changes.
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2.6 DynamicMotion Analysis of Multiple Rigid Bodies

The motions of rigid bodies are solved similarly to the numerical procedure proposed by
Xiao et al. (1997). The assumption is that rigid bodies are a high viscous fluid, the entire com-
putational domain including the region of rigid bodies is calculated by the above-mentioned
computational algorithm. However, the distortion of the rigid bodies occurs because they are
treated as a fluid. In order to overcome this problem, the translation velocity and angular veloc-
ity at the center of mass of the rigid bodies are computed first. Then, the positions of each body
at the next time step are calculated by applying the computed velocities, which is the sum of the
translational and angular velocities only to cells in the solid phase. This also indicates that the
motions of rigid bodies are simulated without setting any boundary conditions between solid
and other phases. It should be noted that the total of density functions of solid phase in a com-
putational cell is less than 1. In this section, the motion analysis for a rigid body is explained in
detail.

2.6.1 Translational Motion Analysis of a Rigid Body
The position of the center of maggof arigid body is calculated as

X = Mil f f fs X1 (X, 2) psids (2.128)

where,| represents the order number of the rigid bgdyjs the density of the rigid body order
I, S denotes the computational domaxnis position vector, andl/; is the total amount of mass
of the rigid body ordel, which denotes as Eq.(2.129),

M= [ [ [ outnpads= Y (u) pstxin sz (2.129)
i, ),k
Next, the velocity of the center of magg andthe acceleration of the center of maltg/dt

arecalculated by Eq.(2.130) and Eq.(2.131),

. dx

U= d)f[l M fff ——¢upsids (2.130)
du,

ﬂ— leff —dpsids= M Z( )j,k((pll)i’j’kpSIAXiijAZk (2.131)

Using the pressure solved at all cetls,/dt is calculated by

du) 1 (0p)
= = —— (22} 4y 2.132
(dt iLjk Piik \OX /i j ( )
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wherel g= (0,0, —g) is gravity acceleration vector.
Then, the translation motion of the center of mass of the rigid bamger at the next time
step can be calculated by Eq.(2.133),

TTHAe i %At (2.133)

2.6.2 Rotational Motion Analysis of a Rigid Body

In this model, the rotational motion of a rigid body is calculated by a quaternion vector.
Herein, after the quaternion calculation is summarized, the rotational motion calculation is pre-
sented.

(1) Quaternion

Quaternion concept was introduced by William Rowan Hamilton in 1843 as a four-
dimensional extension to complex number. It has been proven that quaternions can analyze
three dimensional rotation accurately, as depicted as in Fig.2.8. Bagd¥) presented a
guaternion formed by a four dimensional vectpras shown in Eq.(2.134),

d=(S G 0y, &) (2.134)

The components of vectay is expressed by a rotational vectoland a rotational anglé
aroundv, as shown in Eq.(2.135),

q= (cos(g),vx sin(g),vy sin(g),vzsin(g)) (2.135)

It is noted that in Eq.(2.135), the quaternion is unit vector.
Then, the quaternion rotation mattfikis expressed as follows,
1-2¢ -2 200, — 250, 20Kk0 + 250,

2040, + 285G, 1-2@ -2 20,0, — 2SG (2.136)
20,0, — 250, 20,0, + 20k 1-20% - 2

In the model, the quaternion rotation matrix is used to calculated the three dimensional rota-

R =

tion of rigid body.

(2) Rotational Motion Calculation
The rotation motion of a rigid body around its rotational axis is defined as in Eq.(2.137).
Then, using the solid phase density, we obtain Eq.(2.138),

I:frzdm (2.137)
I = f f fs |[(x=%)? + (s =) + (2~ 2)°| b1 (X, 4. 2 pstdls (2.138)
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Figure2.8 The concepbf quaternion analysis

The descretization form of Eq.(2.138) is shown in Eq.(2.139),
=D {x=%2+ (= ) + (2= 2)| (Pu); jpsiAX A AZ (2.139)
i, j,K
On theother hand, the total moments of forfeon the rigid body around the axisy, z

are expressed as EqQ.(2.14@q.(2.142), in which the contribution from all cells within subject
based on the solid phase dengityhas been summarized.

rtal fffs I(x,y,z)ds= ;k(l"f()i,j,k(%)i,j,k (2.140)
et = fffgri’(x% 2ds= > () i)k (2.141)

i, .k
ryetal = f f f {6y, 2ds= > ()i jk(@n)i ik (2.142)
S i, ik

where, the moment force at cell {jK) is calculated by Eqs.(2.143)0 (2.145),

()i = (i —Ff e — @ - 2)F]), (2.143)
ik = @ — Z)Fj— (6 = XFZ (2.144)
ik = 06 = XFY | = 5 = TF (2.145)

Herein,F is determinedrom Eqs.(2.146)0 (2.148) with the assumption of neglecting the vis-
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cosity dfects on the cells,

Flik=- (0_p) AX Ay Az (2.146)
oX ik

Pl = _(a_p) AXiAyjAze (2.147)
dy i,k

(2.148)

ap
Fiik = [— (E)i,j,k —Pi,j,kg] AXiAyjAz

Once themoment of forcd’| is known, the rotational speed can be calculated by Eq.(2.149)

The update for the angular speed is then obtained in Eq.(2.150),

dar 1

2y 2.149

a1, ( )
daar

o™l = @+ A At (2.150)

w
! dt
Then, the rotational axis vecter and rotationy, aredetermined as a function of the angular

speed vectow,

5= 1 (@w. @y, @) (2.151)
@]
6 = o] At (2.152)

Using thejust obtained values for Eq.(2.135FEq.(2.136)the quaternion rotation matriR

is achieved. Then, the coordinate of the center of mass after rotgtisicalculated
X = R - (X| —Y|) (2.153)
Finally, the velocity at all the cells within the rigid boc@m)ﬂﬁ is updated, as shown in

Eq.(2.155), by considering the additional veloaifyf* resulted from rotational motion denoted

in Eq.(2.154).
ugt = (x - %) /At (2.154)
(2.155)

(ul)lnré n+1 + un+1
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2.7 TheDetermination of Density, Local Sound Speed and Viscosity

The density of gas phase and liquid phase are calculated by formula experiment equations
proposed by Atomic Energy Society of Japan (1993), as shown in Eq.(2.156) and EqQ.(2.157).

P
pw = 1000-2.0x 10%¢, — 1.5x 10 %, + 0.657x 10°°- P (2.157)

where Ris thegas constant (R=287.6ys’K), The absolute temperatufeande, are calculated

as follows,
T[K] = t[°C] + 27315 (2.158)
e, = 4.174x 10° + 4434(T — 373) (2.159)

In the simulations, the densities of gas phase and liquid phase are calculated with the Celsius
temperature equal to 25C.
Besides, the local sound spe@d is calculated with the assumption of the barotropic fluid,
Ci = (Z—S)s = ’y(g)s = Y(Z—E)T (2.160)
where,y is theratio of specific heats; = 7/5 for diatomic gas.
Make a use of the density in Eq.(2.156) and substitute it in Eq.(2.160), the local sound speed
in gas phas€s, is obtained as follows,

Cis; = VIRT (2.161)

The localsound speed in liquid pha&k, is calculated by Eq. (2.157) and Eq.(2.160). In this
model, the local sound speed in solid ph@sg is assumed equal to 5 times of the local sound
speed in liquid phase.

On the other hand, the viscosities of gas phasdiquid phaseu, and solid phasg; are
respectively equal to 1.8x1%kg/m/sO 1.0x103kg/m/s. The viscosity of solid phaga is se-
lected equal to 1000 times of the viscosity of liquid phase, by the assumption of a high viscous
fluid.

2.8 Interface Tracking Scheme

Computation of moving interface is very importance in numerical simulation of multiphase
flow dynamic, but very challenging because the interface that lies betwéeredi fluid and
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mowes with the flow field materials as calculations progress. Over recent dedicates, various
kind of methods have been proposed to obtain a compact and correctly interface such as the front
tracking methods, the level set methods and VOF methods. The front tracking methods (Unverdi
and Tryggvason, 1992; Glimm et al.,1998) use Lagrangian interfaces to track the interface on
Euler frame. In the level set method (Sussman et el., 1994; Sethian,1999), the signed distance
function is used to capture the interface, whereas VOF methods (Hirt and Nichols, 1981; Young,
1982) employ an density (indication) function to define the volume fraction of a certain fluid for
each volume. Both the level set methods and the VOF method are straightforward to implement,
however, the level set method can not preserve volume of the fluid. The VOF methods, on the
other hand, can guarantee well the fluid volume but lacks in the sharpness of the interface. In
this study, the tangent transformed CIP method proposed by Yabe and Xiao (1993) is used to
track the interface with high accuracy in multi dimensions. The method is combination of the
CIP advection solver and a tangent function from the interface. The validity of this method as a
sharpness preserving method was discussed in by Yabe (2001).

The tangent transformed CIP method (Yabe, 2001) is explained bellow. Coisikiads
of impermeable materials occupying closed af€adt) .k = 1,2, ....,K} in computational do-
main D € R3(x y,2), we identify these material with colour functions or density functions
{ok (X y,2,t), k= 1,2, ...., K} by the following definition:

1, (Xy,2 e Q(t)

¢k (X1, Z,t) :{ 0 otherwise (2.162)

Suppose these materials with the local veloaityhe colour functions evolve then according to
the following advection equation:

0% v =0, k=1,2,..K (2.163)

ot

Because solving the above equation by finitfedlence schemes in an Eulerian representa-
tion will result in numerical diffusion and therefore tend to smear the initial sharpness of the
interface. In this method, instead of the original variapleit transformationF(¢y), is calcu-
lated. By specifyind=(¢x) is a function ofgy only, we obtain an equation similar to equation
Eq.(2.163) for the new functioR(¢x), as follows,

OF (¢x)
ot

Therefore all the algorithm proposed fafi (CIP algorithm) can be used fét(¢x). The sim-

+Uu-VF(¢x) =0 (2.164)

plicity of this kind of technique is very attractive in practical implementation. A transformation
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by atangent function is proposed, that is,

F(¢n) =tan[(1 - &) (¢x — 1/2)] (2.165)
o =tantF (¢) /[(L-e)n] +1/2 (2.166)

wheree is a small positive constant. Introduction of this parameter enable us to avoid the
divergence of(¢x) [F(¢x) get around-oo for ¢ = 0 andeo for ¢ = 1) and control steepness
of the transition layer.

The advantages of this scheme may be explained below. AlthgughO rapidly changes
from O to 1 at the interfacek(¢x) shows regular behavior. Event(¢x) is slightly diffu-
sive, ¢y is always limited to the range between 0 and 1 due to the characteristic of the tangent
function. Additionally, the value oF (¢x) evaluated near afy = 0 and 1 smoothly varies, the
tangent function transformation can locally improve the spatial resolution near the steep gra-
dients. Therefore, sharp continuity can be easily described. Moreover, without involving any
interface construction procedure, this method is therefore very economical in computational
cost.

2.9 Wave Source Generation

In the development of the numerical wave tank, the generation of wave source function is
very important part because an exact target wave will be achieved by a proper generation treat-
ment. In this study, the finite difference method for non-reflective wave generator proposed by
Kawasaki (1998) is employed to realize an idealized numerical wave tank. Herein, wave source
generation in the proposed NWT is presented. An review about non-reflective wave generator
can be found in Ohyama and Nadaoka (1991).

By considering the wave generation source, the conservation equation of mass is explained
by volume integration form as follows,

fffAv(ap a(lj(p))dddz fffAqu(y,z,t)dxdydz (2.167)

wherelx = Xg is the grid size at the source positigtV is the cell volume.
Taking a difference for Eq.(2.167), EQ.(2.168) is obtained. Then, Eq.(2.169) is obtained from
Eq.(2.168) by a simple reduction.

0 o(u
(a—’j + ) axay 02 = pa.2.) by (2.168)

dp  9(up) _ pa(y,2Y)
ot OX AXs

(2.169)
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where, thesource wave generation souiges determined as in Eq.(2.6).

The wave source strengthi (y, z,t) is defined as Ohyama and Nadaoka (199)y, z t) is
also gradually increased in order to have a smooth transition from still water ahead of the wave
train to a fully wave train, as mentioned by Brorsen and Larsen (1987),

(2.170)

. J{l—exp(=2t/Ti)}-2Uo(mo + h) /(ps+h) :t/Ti <3
2Uo (no + h) / (ns + h) T 23

where,t is the time from the start of wave generatidn,is the incident wave periadh is
the water surface elevation at the sourcellindg), andng are the time variation of horizontal
velocity and water surface elevation. The term "2'Ugfin the right hand side of the Eq.(2.170)
represents for wave propagation toward both sides of the wave generation source.

2.10 Boundary Conditions

2.10.1 Top and Bottom Boundary Condition

The proposed NWT in this study is based on a multiphase flow model, which considers
air phase in the computational domain. Therefore, not only open and bottom boundary but
the boundary condition for top boundary is taken into account. In this study, an impermeable
condition for normal velocities and slip condition for tangential velocities are utilized to treat
top and bottom boundary.

2.10.2 Energy Dissipation Zones

In a numerical wave tank, it is known that the transmitted and reflected waves, as well as the
disturbances radiated by the body can reach edges of the computational domain within the cal-
culation time. This problem will result in the inaccuracy of the calculation results. Whereas, the
sizes of a computational domain should be finite to get a reasonable calculation cost. In order to
prevent the above-mention problems and to calculate a computational domain over a long time,
an energy dissipation treatment proposed by Cruz et al. (1993) is utilized for the numerical
wave tank model by adding dissipation zones in the domain and employing dissipattin coe
cients for three directioR, y, z, as shown in Eq.(2.171). The energy dissipation effects of these
zones are then considered through dissipation zone terms, which present in the Navier-Stokes
equation Eq.(2.2). Moreover, in order to improve theetiof wave damping in the energy dis-
sipation zones, the grid sizes in these zones are widened toward to the outmost open boundaries
with a geometrical progression, suggested in Hinatsu (1992, as shown in Fig.2.9.
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Open boundary

}4 Energy dissipation zone > < Analysis zone

Figure2.9 Wideningof grid system in the added energy dissipation zone

[Dissipation zone term ix direction: —Dyu]

— N
szex\/%(Nn)(X lxo) (2.171)
[Dissipation zongerm iny directiori] —D,v]
g X=X\
D, = 6,2 (N+ 1)( | ) (2.172)
[Dissipation zonderm inz directiond -D,w]
g X— X\
D, = 6, H(N+1)( | ) (2.173)

where,h is water depth;l and xo are the length of the dissipation zone and the starting co-
ordinate of dissipation zone, respectivelis the order of dissipation functios;Od 6, and6,
are dimesionless cé&ient.

By various testingN = 20 andéy = 6, = 6, = 0.3 are found appropriate for energy dissipa-
tion, therefore these values are used for simulations in this study.

2.11 Verification of the Numerical Wave Tank

A numerical wave tank model based on the multiphase flow model with solid-gas-liquid in-
teraction was proposed in previous sections of this chapter. In order to verify the validity of the
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Open boundary

Energy dissipation zone Analysis zone Energy dissipation zone

Figure2.10 Defition sketch of the computational domain

|||q

proposed numerical wave tank, this section first examines wave propagatioffieartdeenergy
dissipation zones in the numerical wave tank. The validity and utility of the numerical wave

breaking process on different uniform slopes.

tank in reproduce nonlinear interaction between wave and a fixed structure is then investigated
through application for analyzing wave propagation over a submerged dike and simulating wave

2.11.1 Wave Propagation and Effect of Energy Dissipation Zones
(1) Computational Conditions

Figure2.10shows a definition sketch of the computational domain. The computation domain
includes two energy dissipation zones on the left and the right sides of the domain. The origin
of x coincides with the wave generation source, and the positive directigriaken toward the
right hand side of the computational domain. In the present simulation, the location of the wave
generation source was set at the left side of the analysis zone. Mesh sizes in the diregtion of

AX;/L; and mesh sizes in the directionnfAz/h are 1/100 and 1/40(: the wave lengthh is
the water depth), respectively. The time interval at every time step was Agt1&X00 so that
the Courant condition is always satisfied.

(2) Wave Propagation

The time variation of the normalized water surface profi@gsat x/L; = 1.0, 2.0, 3.0, 4.0 are
shown in Fig.2.1Xor the wave steepnes$/L; = 0.3 and the relative water depitfiL; = 0.45.

As shown in Fig.2.11, the calculated normalized water surface profile get the stable and regular
stage from the twelveth wave after starting wave generation. These results, therefore, also
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Figure2.11 Time variation of water surface profiléd{/L; = 0.03 andh/L; = 0.45)

Figure2.12shows a comparison between the calculated normalized spatial prgk)esnd

theoretical one for the computational domain 2./L; < 5.0. A good comparison between
the calculated results and the theoretical one revealed in Figi@di@ates that the tangent CIP

confirm proposed non-reflection wave generation method, as shown in Eqg.(2.170).
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Figure2.13 Normalized horizontaand vertical velocities/L; = 2, Hi/L; = 0.03 andh/L; = 0.45)

scheme utilized in the NWT was successful in tracking water surface.

Figure2.13depicts the time variation of theoretical results and the calculated ones in terms
of dimensionless wave propagation velocities, where are the horizontal velocity ix and
z direction, respectively, anQ is wave celerity. It is found from the figure that the calculated
results well agree with the theoretical results. The validity of the proposed NWT model in wave
propagation, is therefore confirmed.

(3) Effects of Energy Dissipation Zones
Herein, the effects of energy dissipation zones will be verified by examining the water surface
profiles at the energy dissipation zones added at both sides of the computational domain.
Figure2.14shows the calculated normalized spatial profile of water surf@gdor the whole
of the computational domain. It is revealed from Fig.2thdt a constant envelope curve of
water surface is formed in the analysis domain 8.@/L; < 4.0). In the added energy dissi-
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Figure2.14 Spatial distrilution of water surface profileH;/L; = 0.03 andh/L; = 0.45)

pation zonesX/L; < 0.0 andx/Li > 4.0), however, the spatial envelope curve of water surface

is gradually attenuated in the added energy dissipation zones, and vanishes near two outmost
open boundaries. The successful energy dissipattfentef the proposed dissipation treatment,
therefore, are confirmed.

2.11.2 Wave Propagation over a Submerged Dike
(1) Introduction

The submerged structures have been widely applied in coastal engineering field in order to
reduce wave action on their landward side as well as promote beach accretion. It is known that
the propagation of water wave over a submerged structure plays an important role in keeping
its stability and its effect. Therefore, various experimental and numerical studies have been
proposed to understand the characteristics of wave propagation over submerged structures.

The propagation of water wave over a submerged dike includes two main physical phenom-
ena. The first is the generation of higher harmonics and the second is the separation of flow and
the vortex generation on the onshore side and on the lee side (Huang and Dong, 1999). In terms
of experimental studies, the former phenomena has been investigated such as in Dattatri et al.
(1978) and Beji and Battjes (1993), while the latter phenomena has been reported by Ting and
Kim (1994). On the other hand, the generation of higher harmonic has been numerically pre-
dicted on the basis of nonlinear equations for shallow-water wave theories using the Boussinesq
equation by Peregrine (1967), Madsen et al. (1991). It was found from these studies that the
numerical results of wave height were in good agreement with experimental ones. Most of the
numerical above-mentioned studies, however, neglected the viscosity, @hich was found
very important to determine flow separatidfieets over a submerged structure unambiguously
without solving the viscous flow equation in the near field (Ting and Kim, 1994).
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In this section, the numerical model is used to investigate the interaction between wave and a
submerged dike with a trapezoidal cross section shape. The validity of the model is examined
through the comparison between numerical results and experimental ones. The generation of
higher harmonics, the velocity field and pressure distribution acting on the dikes are furthermore
discussed.

(2) Computational Conditions

Figure2.15 Configuration Est (Source: Battjes, 1994)

Figure 2.15 shows the configuration test in the laboratory experiments of Beji and Battjes
(1993, 1994), which is used for simulations. The water depth was set constant at 0.40m. The
incident wave heigh and periodl were 2.0 cm and 2.0 s, respectively. A piston-type wave-
maker was installed at one end of the flume. A submerged trapezoidal dike was constructed
with an upslope of 1:20 and a downslope of 1:10. The horizontal width of the cross section at
the crest level was 2.0m. The height of the horizontal plane section was 0.30 m. At the end of
the flume opposite to the wave generator, a beach with a 1:25 slope was presented to dissipate
the wave reflection. Water surface elevation was measure at seven stations. The gauge at station
1 served as a reference gauge for the incident wave. Three gauges at station 3, 4, 5 were set
around the range over the top of the dike, whereas three remain gauges at station 2, 6, 7 were
set at two sides of the dike.

In the numerical calculation, almost dimensions of the laboratory experiment such as distance
were kept except the location of wave source was set nearer the dike to decrease the numerical
cost. The original coordinate ir direction was set at the location of the wave source. Two



48 CHAPTER 2

energydissipation zone were set frore-11.00m tox=0.0m and fronx=18.40m tox=29.50m

to prevent the reflection from the left side of the computational domain for all simulations. The
submerged dike was immersed in the computational domain by treating as a solid body with a
set of the velocity at the gravity center equal to zero in whole calculation time. A sketch of the
computational domain is shown in Fyl16

Open boundary Wall boundary

1.60

L

0.70

Figure2.16 Computational domain

(3) Verification of the Numerical Results

Fig.2.17shows the temporal variation of water surface elevation at six station gauges from
Station 1 to Station 6. It is clearly seen that the numerical results are good agreement with
the measured ones. Especially, it is observed from Fig.@)t{f) that the numerical model
well reproduces the deformation of wave on the top and the leeside of the submerged dike,
where the generation of high harmonic wave of the wave is shown. As a result, it is found
that the numerical model is capable of simulating the decomposition of the wave. Moreover,
by utilizing a treatment of the submerged dike as a fixed solid body, which was immersed in
the computational domain, it can be said that the numerical model can reproduce the nonlinear
interaction between wave and fixed structure. Interestingly, a good agreement between the
numerical results and measured one was achieved without setting any special treatments for the
boundaries of the submerged dike. The validity as well as advantage of the proposed model are,
therefore confirmed.

(4) Generation of Higher Harmonics
Figure2.18shows the spatial distribution of water surface elevation along the wave channel
at different stages. It is shown from the figure that when wave propagate over a submerged
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dike, the wave crest become steeper and a development of the tails is observed. Furthermore, it
is found that the water surface elevation undergoes a rapid variation in space as time progress.
It can be said that complex interaction between the incident wave and the reflected waves re-

sulting from the interaction between the incident wave and the submerged dike generates the

components of these harmonics.

(5) Velocity Field around a Submerged Dike

Figure2.19shows snapshots of the velocity field and free surface elevation around the sub-
merged dike at different times. At first, a distribution of velocity field is showt=6&t00s.
It is found from the figure that velocity distribution has not been impacted by the interaction
between wave and the dike. When wave propagates over the dike, it is seen from the figures
of t= 13.90s-~16.10s that the velocity distribution varies rapidly within two ranges determined
by around 1 wave lengtiLE3.69m) far from the both sides of the crest plan of the dike. The
large velocities are observed at the free surface and at the crest plan of the dike, where higher
harmonics are generated. Considering that these velocities might cause the erosion of materials
at the top of the dike, it can be said that the relationship between the generation of higher har-
monics and the spatial distribution of large velocities is important to be investigated in practical
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application.

(6) Pressure Acting on the Top of the Submerged Dike

Figure2.20shows distribution of the pressure acting on the top of the submerged dike. At
starting time of the calculatiotz=0.00s, the distribution of the hydrostatic pressure is observed
in all positions around the dike. When wave propagates over the dike, the dynamic pressure
distribution takes place, as shown in the figure froei3.90s~15.70s. On the other hand,
refer to the legend table about the pressure value, it is found from all figures that the dynamic
pressure acting on the second layer at both sides (weather side and lee side) of the dike, which
is defined from the level of 0.29m downward, is larger than that acting on the first layer at both
side of the dike, which is defined from the level of 0.29m to the crest level. Moreover, it is
revealed from the Fig.2.28tt=15.70s that the pressure acting on the top layer at the weather
side is significantly dterent from that at the lee side with a value accounting for J#8NThis
difference might be a cause of a sliding failure of layers of submerged dikes, which has been
observed in practice.
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2.11.3 Wave Breaking Process on the Uniform Slope

(1) Introduction
When a wave train propagates from deep water into shallow region, its height increases (wave

shoaling) and its wave length decreases (Dean and Dalrymple, 1991). As a result, the wave
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profile becomes steep and may break at a certain depth. The wave breaking not only produces
a large force, but also induces the nearshore current circuldfiectiag the shoreline changes
(Tsai, 2005). They are, therefore the most interesting phenomena of the wave transformation in
the nearshore region.

Variety of theoretical and experimental studies related to the characteristics of wave shoaling
and breaking in terms of wave height transformation, the breaking wave condition, undertow,
turbulence and so on, has been presented for past decades, such as those of Le Mehaute and
Webb (1964), Shuto (1974), Goda (1975), Svenden (1987), Ting and Kirby (1994). On the other
hand, numerical simulations have been proposed for understanding natural hydrodynamic pro-
cess in the coastal engineering field. Compared with two former approaches, numerical simula-
tions can easily achieve many detailed hydrodynamic information without high cost. Recently
with the rapid developments in the computer technology and computational fluid dynamic meth-
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ods, sgeral numerical simulations based on solving directly the Navier-Stokes equations have
been proposed for investigating many hydrodynamic processes of flow field including wave
breaking, such as in Lin and Liu (1998), Zhao et al. (2000). The above-mentioned studies have
achieved numerical results in good agrement with experimental ones, however, some discrepan-
cies were found (see Hieu and Tanimoto, 2004). Note that numerical models mentioned above
are based on single-phase flow models, in which only liquid phase (water) is considered and the
effects of air movement are neglected. This neglect might be a source of errors. The proposed
model is expected to overcome these limitations by considering interaction between water and
air through the interaction between liquid and gas phase.

In this section, the ability of the model in reproducing wave breaking phenomena is examined
through simulating various types of wave breaking on the uniform slope, which are known
as "spilling, plunging, collapsing and surging”. The numerical results are then analyzed and
gualitatively compared with theoretical and experimental results presented by Galvin (1968)
and Battjes (1974).

(2) Breaker Types

Irribaren and Nogales (1949) proposed a physical parameter naredsurf similarity pa-
rameter” for determining whether or not wave breaking occurs. The surf similarity parameter
is denoted as in Eq.(2.174)

— (2.174)

where, represents thbeach slopeH is wave height at the toe of the slofe, is deep water
wave length.

Battjes (1974) noted that the breaking wave characteristics, which include breaker type,
breaking indexy, the number of wave in surf zong*, and reflection coefficient, can be
correlated to the surf similarity parameter, as shown in TaldleFurthermore, a description of
principle breaker types proposed by Galvin (1998) is shown in Fig.2.21.

(3) Computational Conditions

For simplicity, the wave condition was kept, whereas the slope was varied to olffaie i
surf similarity parameters, which are considered to have the correlation with breaking wave
characteristics, according to Bettjes (1974). The water depth, the wave height and wave period
for all simulations were kept constant at 0.4m, 0.15m and 2.0s, respectively. Surf similarity pa-
rameters were then selected based on threshold values shown ir8TaklBnce surf similarity
were selected, slopes were calculated by using Eq.(2.174). For a mild slope (Case 3.1), the surf
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Table2.1 Breakingwave characteristics and the surf similarity parameter (Source: Battjes,1974)

& 0.1 0.5 1.0 2.0 3.0 4.0 5.0
Type spilling plunging collapsing no breaking
surging
Y 0.8 1.0 1.1 1.2
N* 6-7 2-3 1-2 0-1 0-1
r 103 1072 0.1 0.4 0.8

— = SPILLING

PLUNGING

COLLAPSING

L

SURGING

Figure2.21 Principle breakr types (Source: Galvin, 1998)
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Figure2.22 Computational domaifor breaking simulations

similarity parameter was set 0.32, respective computed slope f2@s Eor a moderate slope
(Case 3.2) and a steep slope (Case 3.3), the surf similarity parameters are respectively 0.64 and
2.40, respectively computed slopes are 1/10 gabl

Figure2.22shows the sketch of the computational domain, in which wave source was located
atx=0.0m, and a slope with a uniform gradient was set up on the right side of the computational
domain. An energy dissipation zone was set frosl0.0m tox=0.0m to prevent the reflection
from the left side of the computational domain for all simulations.

(4) Wave Breaking on a Mild Slope (Case 3.1)

Figure2.23shows the development of wave breaking on a beach with sl@fe 1t is seen
that the wave generated by the wave source propagates onshore. Then, in the figures from
t=9.60s~10.90s, the wave crest become steepen but remain unbroken on the top. In order to see
the characteristics of wave breaking, the development of wave breaking and velocity field are
further examined in Fig.2.24. At11.0s, wave profile reaches a very steep slope at the crest.
Then, fromt=11.40s~11.90s, it is found that the crest broken and flows down the front face of
the wave resulting in spilling down front surface of the water. Consider that the surf similarity
of this condition was set 0.32, expecting the occurrence of spilling breaker (refer to3raple
the numerical model is found capable of reproducing spilling. Moreover, the relation between
wave breaking process to the interaction between air and water phase is confirmed through the
variability of velocity field in time and space around the breaking position.
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Figure2.23 Wave breaking on a mild slope (Case 3.1, slope 1/20)
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Figure2.24 Characteristics ofvave breaking on a mild slope (Case 3.1, slof#0)



62 CHAPTER 2

(5) Wave breaking on a Moderate Slope (Case 3.2)

Figure 2.25 shows the development of wave breaking on the slope 1/10 (Case 3.2). First,
the wave generated by the wave source is found to propagate onshore. In the figures from
t=7.80s~8.10s, it is seen that the wave starts to run up the slope and its amplitude increases
significantly due to theféect of wave shoaling. From=8.25s~8.55s, the wave crest contin-
ues to steepen and eventually leads to wave breaking. The characteristics of wave breaker is
furthermore found in Fig.2.28om t=10.95s5~11.90s. After experiencing a steepen stage from
t=10.95s-11.00s, the wave crest is first observed to curl over front face and impinge onto part of
the wave trough, as shown from11.25s~11.40s. Compared with breaker type classifications
on laboratory experiments proposed by Galvin (1968), which are depicted in tl2e2Highe
development of breaker typeplunging” is confirmed. Note that the surf similarity parameter
of this cases is equal to 0.645, meaning a prediction of the occurrence of plunging as seen in
Table3.1, it can be said that the numerical model is capable of reproducing plunging.

(6) Wave Breaking on a Steep Slope (Case 3.3)

Figure 2.27 shows the development of wave propagation on a very steep beach with slope
1/2.5 (Case 3.3). As shown froms-0.00s~6.00s, wave propagates onshore. Then, from
t=8.10s~8.55s, it is seen that the wave transformation occurs over a distance of less than wave
lengthL=3.69m. The surf zone is seen almost nonexistent. Furthermore, as shown in the figures
from t=8.85s5~9.45s, the wave crest is found with minor breaking, resulting running up on the
slope. Turn back to the classification of Galvin (1968), it is said that surging is occurs. On the
other hand, Figur@.28shows the development of wave breaking for the slope 1/2.5 after the
occurrence of surging. Frots9.75s~10.20s, the wave crest remains flat while the lower part
of the front face steepens. Breaker is then found over lower half of the wave. In the next stage,
it is revealed that the wave slides up beach with very little production without the development
of the bore as for plunging breaker type. Consequently, it is revealed that a mixture of plunging
and surging occurs, meaning that wave breaker type is collgpsiging. With a note of the
surf similarity parameter equal to 2.40, predicting a occurrence of collgjssimgng, as shown
in Table3.1, this revelation confirms the validity of the model in reproducing collapsing and
surging.
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Figure2.25 Dewelopment of wave breaking on a moderate slope (Case 3.2, sibpe 1
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15

Figure2.26 Characteristic ofvave breaking (Case 3.2, slopd @)

2.12 Remarks

This chapter proposed a NWT model based on multiphase flow model with solid-gas-liquid
interaction and detailed its methodology. Some figures of the proposed NWT are summarized
as follows,

- The flow is represented by one set of governing equations, and therefore no special treatment
need for the boundaries among three phases.

- The governing equations are divided into an advection step and non-advection step by mak-
ing a use of a time splitting technique. In the advection step, CIP methods are used to calculate
the hyperbolic equations for all variables. On the other hand, equations at the non-advection
step are solved with an extended SMAC method, which can simulate both compressible and
incompressible fluid. Moreover, a LES-based DTM turbulence model, and a CIP-CSL2 method
for the conservation of mass are incorporated to enhance the computational accuracy.

- A non-reflective wave generator was installed in the analysis domain and energy dissipation
zones are employed to realize the NWT.

In order to verify the validity of the proposed numerical wave tank, wave propagation and
effect of energy dissipation zones in the numerical wave tank were first examined. The validity
and utility of the numerical wave tank were then investigated through applications to analyzing
wave propagation over a submerged dike and simulating wave breaking processmntiff
uniform slopes. For the former application, the numerical results were firstly compared with the
laboratory experiments conducted by Beji and Battjes (1993, 1994). The generation of higher
harmonic, the velocity field around the dike and the pressure acting on the dike were furthermore



2.12 Remarks 65

t=0.000's
1
E o5
N
04 2 4 6 8 10 12 14 16 18
x [m]
t=6.000's
% 05
09 2 4 6 8 10 12 14 16 18
X [m]
t=8.100's
€
~
12 14 16 18
x [m]
t=8550s
£ 05
N
00 2 4 6 8 10 12 14 16 18
x [m]
t=8.850's
% 05
09 2 4 6 8 10 12 14 16 18
x [m]
t=0.450's
E o5
N
09

x [m]

Figure2.27 Dewelopment of wave breaking on the steep slope (Case 3.3, sigf 1
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Figure2.28 Characteristics ofvave breaking the steep slop5b (Case 3.3, slopgad.5)

investigated. It was suggested that the relationship between the generation of higher harmonic
and the distribution of the velocity field on the water surface and on the top of the submerged
dike should be considered in practical design because the large velocities found on the top of
the dike and water surface might cause the erosion of the material on the top of a submerged
dike. In terms of pressure acting on the dike, thifedlence between the pressure acting on the
top layer at the weather side and that at the lee side was also suggested to be considered because
this difference might result in the sliding failure mode of the dike. For the latter application,
the theoretical correlation between the surf similarity parameter and wave breaker proposed by
Battjes (1974), was introduced. The numerical model was then used to simulate wave breaking
on different uniform slopes. After that, these characteristics were qualitatively compared with
the experimental classification about wave breaking on the slope presented by Galvin (1998).
Main conclusions about the validity and utility of the numerical wave tank are presented as
follows,
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- Goodagreements between calculated and theoretical results in terms of water surface pro-
files and water particle velocities verified the validity of non-reflective wave generation method
as well as the interface capturing scheme tangent CIP. On the other hand, the examination of
spatial distribution of water surface elevation showed the validity of energy dissipation zone
treatments.

- In terms of simulating the wave deformation over a submerged dike, good agreement be-
tween numerical results and experimental ones confirmed that the numerical wave tank is well
capable of reproducing the decomposition of wave. The advantage of a numerical model using
Navier-Stokes equation was also shown by obtaining and examining the data of velocity field
as well as pressure acting on the dike.

- The simulation results of breaker types for different uniform slopes were found in qualita-
tively good agreement with theoretical and experimental studies. Note that the simulation of
wave breaking phenomena is always considered affiaulli task because of the occurrence of
the complex interaction between air and water phase at the interface, the utility of the model in
reproducing complex interaction between air and gas phase, is therefore revealed.

In simulations of wave propagation over a submerged dike and wave breaking process on
different uniform slopes, slopes and the submerged dike were treated in the computation zones
as fixed solid bodies. As a result, it can be said that the numerical model is found capable of
reproducing the nonlinear interaction between wave and a fixed structure. The advantages of the
proposed model are the consideration of air-water phase interaction and the simple treatment
for the boundaries between solid phase and other phases.
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CHAPTER 3
NONLINEAR INTERACTION BETWEEN WAVE
AND A MOVABLE STRUCTURE

3.1 General

A majority of the world’s population lives within coastal zones. These zones are therefore
of critical importance to the world’s civilians and affect our economic activities. To protect the
coastal zones from a threat of storm surge, wave overtopping and so on, a variety of coastal
structures such as vertical seawalls, wave absorbing breakwaters and submerged breakwaters
have so far been constructed and installed in coastal sea areas. These present structures have
considerably contributed to the development of coastal areas, but the global climate change
would require the additional improvements of their functions in the near future. Bieto
al. (2007) reported that global warming has been increasing the sea level, which is predicted
reaching 22cm to 44cm above 1990 levels by the mid-2090s. On the other hand, global climate
change is recognized as a cause of the increasing severity of storm events. As a result, coastal
areas are currently at severe risks from coastal disasters of storm surge, wave overtopping and
flooding. Many lives and properties of civilians living at coastal zones have been lost by these
disasters, daily life activities sometimes have been damaged as well as interrupted under these
disasters, as shown in Fij1.

In order to protect the coastal zones from a threat of wave overtopping, various solutions
have been discussed in recent years. Sawaragi et al. (1988) examinectthe adfhrtificial
reefs on wave overtopping reduction rate. Their results showed that when the height of the reef
in the front of a sea dike was given, a proper width of the reef was required to reduce wave
overtopping rate. Cornett et al. (1999) investigated systematically the influence of parapets on
wave overtopping of vertical-walled structures. They concluded that an overhanging geometry
was very effective at reducing wave overtopping rate, but its effectiveness was highly variable,
depending on the prevailing water level and wave condition. Kortenhaus et al. (2001) reported
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Figure3.1 Wave overtopping under the 2010 CONSON typhoon at the DOSON coastal
town, Vietnam (Source:TTXVNVietnam-+)

the experimental tests in which wave overtopping and wave loading on a vertical seawall with
and without parapet were measured. It was revealed from their study thatebgveness of

the parapet on the reduction of wave overtopping was found only under conditions where the
relative crest freeboard./Hs was larger than 1.3Hs : significant wave height). Geeraerts et al.
(2006) introduced an innovative dike profile nameitilling Wave Basin (SWB) for the aim of
reducing wave overtopping. Wave overtopping reduction factors of 0.44 and 0.48 were derived
for the cases of breaking waves and non-breaking waves, respectively. The above-mentioned
studies have shown the effectiveness of various structures for reducing wave overtopping rate.
However, their approaches should be questioned because the capacities for preventing wave
overtopping of the proposed structures depend on the given parameters such as the crests of sea
dikes angor the crest freeboards of parapets, which might not adaptively protect coastal zones
from wave overtopping disasters considering sea level rise, high variability of which has been
noted in many studies (Fletcher, 2009) .

Recently, Kawasaki et al. (2011) proposed an adaptive countermeasure to protect and miti-
gate wave overtopping disaster induced by storm surge or high wave, in which a floating panel
is installed to the front of an existing upright seawall. Gre®gaiveness of the floating panel
as a countermeasure against wave overtopping by following water surface elevation in front of
the seawall was verified by conducting laboratory experiment. The application of this coun-
termeasure at the coastal sites are therefore very promising, however, in order to fully obtain



70 CHAPTER 3

O.OGIe unit : m
Floating panel »|
Wave 5
Seavall “a OW2 wi - 8
I 2
~z [ [ A = o
= [Te) (]
i 0.30~0.475 g
4 ° >
Wave Absorber

Wave Overtopping Pit |<—>|<—>|8'72 14.00

Figure3.2 Configurations obxperimental setup

Umit: cm y ;
Y )
/ &
/
A A
} ‘— H i
'f’z (=] | / — E
=1 R 111/ 4
/ =
11 Yy v

(a) Configuratiorof seawall, floating panel and frame (b) Threedimension view

Figure3.3 Schematic of seawall, floating panel and steel frame

data for the technical design stage, not only experimental but numerical investigations should
be preformed. Related to investigations on wave overtopping reduction countermeasure using
a floating panel of Kawasaki and co-workers, Funahashi (2011) experimentally and analytically
discussed the wave overtopping reduction effect of a floating panel with different cross sections
under both regular and irregular wave, whereas nonlinear interaction of wave and a floating
panel with rectangle cross section under regular wave action is experimentally and numerically
studied in chapter 3 of this study. First, the laboratory experiment is analyzed to point out the
wave overtopping reduction mechanism of the proposed countermeasure. The proposed nu-
merical model is then utilized to investigate the nonlinear interaction and dynamic behavior of
floating panel under regular wave action. The chapter ends with some conclusions.
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3.2 Laboratory Experiment

3.2.1 Experiment Setup and Procedures
(1) Experiment Model Description

Hydraulic model experiments were conducted in a two-dimensional wave flume at Coastal
and Ocean Engineering Laboratory, Department of Civil Engineering, Nagoya University, as
shown in Fig.3.2. The scale ratio between model and prototype was sgo The wave
flume (30m long, 0.9m high and 0.7m wide) has a piston-type wave generator at one side,
whereas a wave absorber is located at the other side. A floating panel (0.2m high, 0.03m thick,
0.66m wide, and 2.03kg heavy) with a 0.1m draft was installed to the front of an upright seawall
with a 0.525m high, which was located at 22.72m far from the wave generator. The horizontal

(a) Installationof HAS-D3 camera (b) Installationof a gutter and a pit

Figure3.4 Installation camera and overtopped water catchment system

Two capacitance-type wave gauges were installed to measure the time variation of water
surface level, as shown in Fig.3.Zhe first wave gauge W1 was set at 14m far from the wave
generator, whereas the second wave gauge W2 was installed just in front of the seawall. In
order to examine variations in instantaneous floating panel motion in front of the seawall, an
image analysis technique was leveraged in the laboratory experiment. Firstly, some designated
points on the one side of the panel were marked by plastic stickers, as indicated in Fig.3.3(b).
Then, a digital high-speed camera HAS-D3, which was located beside the wave flume, as seen
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in Fig.3.4(a), was used to capture the instantaneous motions of these points as well as the water
mass behavior around the seawall. An overtopped water catchment system with a gutter and a
pit was also installed behind the seawall to measure wave overtopping quantities, as shown in
Fig.3.4(b).

(2) Experimental Conditions and Measurements

Laboratory experiments were conducted under regular wave conditions with wave heights of
4cm, 7cm, 10cm, 15cm and 20cm, and wave period of 0.75s, 0.85s, 1.00s, 1.34s, 1.79s and
2.24s. The still water depths for each wave condition were varied with the values of 30cm,
35cm, 37.5cm, 42.5cm and 47.5cm, respectively. The wave conditions and still water depth for
each experimental condition were briefly given in Taklk. The initial positions of the floating
panel in some experimental conditions were shown in Fig.3.5.

The variation of the floating panel motion, the water surface elevation and wave overtopping
phenomena around the panel were captured with the digital high-speed camera. The images
were then analyzed to obtain numerical data of floating panel motion by employing an image
processing program named DIPP-Motion Pro (Ditect Co., Ltd.). On the other hand, wave over-
topping quantity for each wave condition was estimated by weighing water mass inside the pit.
Herein, in order to investigate the wave overtopping reductioecefif a floating panel, the
wave overtopping reduction rate is defined as Eq.(3.1).

_ Qv — O

v

R

x 100[%] (3.1)

where,q, is wave overtopping rate for an upright seawal,is wave overtopping rate for an
upright seawall with a floating panel. As shown in Eq.(3.1), a large vallrindicates a great
effect of a floating panel for wave overtopping reduction.

3.2.2 Experiment Results and Discussions
(1) Effects of Floating Panel for the Reduction of Wave Overtopping

In order to study the reduction efit of a floating panel for wave overtopping under regular
wave action, wave overtopping characteristics of an upright seawall and an upright seawall with
a floating panel were qualitatively compared through the video images taken in the laboratory
experiments. Furthermore, quantitative examinations of wave overtopping rates for both the
cases were conducted.

Figures3.6(a) and3.6(b) show the wave overtopping situations around the seawall without
and with a floating panel for the experimental conditiorhe#i2.5cm,H=10cm andl =2.24s.
As depicted in Fig3.6(a), a rise of water surface is observed from the first photo to the second
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Table4.1 Experimentatonditions for regular wave

No Heightof Water Wave Wave
upright depth  height  period
seavall
h. [cm] hjcm] Hlecm] T]Js]

1 525 30.00 15 2.24

2 525 30.00 10 1.79

3 525 30.00 10 1.34

4 525 35.00 10 0.85

5 525 35.00 10 1.00

6 525 35.00 10 1.34

7 525 35.00 10 1.79

8 525 35.00 15 1.34

9 525 35.00 15 1.79

10 525 35.00 15 2.24

11 525 35.00 20 2.24

12 525 37.50 10 0.85

13 525 37.50 10 1.00

14 525 37.50 10 1.34

15 525 37.50 10 1.79

16 525 37.50 15 1.34

17 525 37.50 15 1.79

18 525 37.50 20 2.24

19 525 42.50 4 0.75

20 525 42.50 4 1.00

21 525 42.50 4 2.24

22 525 42.50 10 0.85

23 525 42.50 10 1.00

24 525 42.50 10 1.34

25 525 42.50 10 1.79

26 525 42.50 10 2.24

27 525 47.50 7 1.34

28 525 47.50 7 1.79

29 525 47.50 10 0.85

30 525 47.50 10 1.00

31 525 47.50 10 1.34

32 525 47.50 10 1.79

(b) h=375cm

(c) h=425cm

Figure3.5 Initial positionsof floating panel
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Figure3.7 Comparison oflimensionless wave overtopping rate of upright seawall and up-
right seawall with floating panel

one. lItis, then, found from the third and fourth photos that the wave crest in front of the
seawall is much higher than the crown height of the seawall, resulting in the occurrence of wave
overtopping and a strong splash behind the seawall. On the other hand, as showrBi6(big.
for the case of the seawall with the floating panel, the floating panel is found to follow water
surface elevation and prevent wave overtopping. The comparison betweeh@{mjsand (b),
as a result, reveals a great reduction effect of the floating panel on wave overtopping.
Fig.3.7depicts the relation between dimensionless wave overtopping f QgH(,)S of the
upright seawall and that of the upright seawall with the floating panel, whggeand Hg) are
respectively wave overtopping rate, gravity acceleration and equivalent deepwater wave height.
It is found from the figure that within range of both small and large wave overtopping scale, an
average wave overtopping reduction rRtaccounts for approximately 89% for water depths of
h=35.0cm, 37.5cm and 42.5cm, and about 84% for water degth4f.5cm. A great reduction
of wave overtopping rate of the upright seawall with the floating panel is therefore confirmed
for not only small wave overtopping but also large wave overtopping.
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(a) Water mass overtops floating panel, (b) Water mass flows through the gap between

Type 1 upright seawall and floating panel, Type 2
Figure3.8 Wave overtopping characteristic

(2) Characteristics of Wave Overtopping

For an upright seawall with a floating panel, two kinds of wave overtopping types (Type
1 and Type 2) were observed in the laboratory experiments, as shown in Figs.3.8(a) and (b).
The respective wave overtopping features of Type 1 and Type 2 are as follows; Type 1 is that
water mass overtops the crowns of the floating panel and the seawall, as shown in Fig.3.8(a).
Type 2 indicates that water flows into the behind of the seawall through the gap between the
upright seawall and the floating panel. For Type 2, wave overtopping rate could be additionally
reduced by setting certain measures filling the gap. In terms of Type 1, wave overtopping occurs
because the floating panel is not able to follow the water surface elevation in front of the seawall.
Therefore, a relationship between the dynamic behaviors of a floating panel and water surface
elevation is of importance to be further examined.

(3) Dynamic Behavior of Floating Panel under Wave Action

It was revealed from the laboratory experiment that basic characteristics of dynamic behavior
of floating panel were influenced by the relation of wave period to natural period of floating
panel in vertical direction. Therefore, only wave conditiontb£10cm was shown here for
discussion. Full data can be found in Funahashi (2011).

Figures3.9 ~ 3.12show the time variation of floating panel motion and water surface ele-
vation for the condition of water deptih=42.5cm and wave heighi=10cm at diferent wave
periods, in which (a) is the snapshots of floating panel motion captured by the high-speed cam-
era, and (b) depicts the relation between floating panel motion and water surface elevation. For
wave periods off =1.79s andl'=1.34s (Figs.3.%and 3.10), wave overtopping does not occur
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78 CHAPTER 3

O A=30.0cm

h=35.0cm | |
3n/4 h=37.5cm |
O h=42.5cm ||
B /=47.5cm
= /2 ]
]
=
“Q
/4
[ | = =
0 . . . ) H
0.5 1.0 1.5 2.0 2.5 3.0

7T

s

Figure3.13 Relation betweethe phase lag and ratio of incident wave period and the natural period

since the floating panel follows in the same phase with water surface elevation. For wave periods
of T=1.00s and =0.85s (Figs.3.1and3.12), although the floating panel behaves in the similar

way to the water surface elevation, a phase lag between them is clearly seen. Additionally, the
amplitude of the floating panel motion becomes smaller than that of the water surface elevation.
As aresult, it is found that wave overtopping of Type 1 takes place, as shown &lR2g), in

the case of wave period 3i=0.85s. It is also found from a comparison among F&j9.~ 3.12

that a phase lag becomes larger as the wave period is getting smaller and smaller. Judging from
the above-mentioned observations, the motion characteristics of the floating panel can be said
to be strongly influenced by wave period. A collision between the floating panel and the steel
frame, which was observed in the experiment, might be related to this relationship.

A relation of natural period of a floating panel to incident wave period is assumed as one of
the causes of the phase lag. A phasedpgd] is defined as the fierence between the peak
timest andts of water surface elevation and floating panel motion, as indicated in Eq.(3.2).

_ 2n(ts—1)
T

Fig.3.13showsthe relationship between the phase éagnd dimensionless wave periddTs,

whereTs = 0.74s is the natural period of floating panel motion in a vertical direction. As shown

in Fig. 3.13 the phase lag increases WhEfils is close to 1. In other words, if wave period

is close to the natural period of a floating panel, the response of the floating panel motion in

1) [rad] (3.2)

the vertical direction induces a large phase lag. Therefore, the natural period of floating panel
should be a key parameter in designing the configurations for floating panel.
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3.2.3 Remarks

The laboratory experiment is discussed in this section. Main conclusions and concerned
problems in numerical studies are stated as follows;

A great effect of the floating panel on wave overtopping reduction under regular wave action
was revealed. On the other hand, wave overtopping characteristics of the countermeasure were
classified into two kinds of Type 1 and Type 2 in the laboratory experiment. Type 1 is that water
mass overtops the crown height of the floating panel and the seawall. Type 2 represents that
water flows into the behind of the seawall through the gap between the seawall and the floating
panel. The relation of temporal variation of water surface elevation in front of the seawall to
that of floating panel motion in the vertical direction as well as wave overtopping characteristics
are, therefore, very important to be discussed in details.

On the other hand, the phase lag between floating panel motion in the vertical direction and
water surface elevation in front of the seawall was found to increase as incident wave period was
close to the natural period of a floating panel in the vertical direction. The collision between
the floating panel and the steel frame seen in the laboratory experiment might be related this
relation. The above-mentioned characteristics should be furthermore investigated numerically.

3.3 Numerical Study

In this section, first, equation of floating panel motion is developed, in which the impact of
the steel frame on the motion of the floating panel is taken into account through a damping term,
in order to realize the dynamic behavior of the floating panel under wave action. The proposed
model are then used to investigate the nonlinear interaction of wave and floating panel. The
numerical results are moreover verified through the comparison with the experimental ones
in terms of dynamic behavior of floating panel under wave action, variation of water surface
elevation and pressure acting on the bottom the floating panel.

3.3.1 Equation of Floating Panel Motion

In the laboratory experiment, it was seen that the motion of the floating panel under wave
action sometimes induces a collision between the steel frame and floating panel. Due to the
collision, the friction between the floating panel and the steel frame was observed when the
floating panel moved in the vertical direction. This force is assumed to influence the dynamic
behavior of the floating panel in the vertical direction. The motion equation of the floating panel
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is, thereforeproposed by adding a damping term to the equation of the motion in the vertical
direction.

On the other hand, it was found from the laboratory experiment that the vertical motion of
the floating panel was dominant compared with rotational motion and horizontal motion. Two
latter motions are therefore neglected in this study.

Under the above-mentioned assumption, the motion equation of the floating panel in the
vertical direction is denoted as follows,

|\/|.@n+1 TR CTTARE = (3.3)
dt

where, M, represents théotal mass of the floating panel, which is denoted in Eq.(2.129);
represents a damping déeient and is determined by trial and errét; represents the hydro-
dynamic force term at the present step, which is calculated by Eqs.(@.a31} anddw™/dt
respectrely represent the velocity and the acceleration of the gravity center of the floating panel
motion at the next time step. In order to solve the developed equation of motion Eq.(3.3), the
Newmark-gmethod is utilized to determine the relation of the velocity at the next time step

w™ to thevelocity at the present time stap" as follows,

(3.4)

dw " dwy "™t At
—n+l _ —n e} ! at
. _w'+(dt Tt )2

—n+1

By substitutingof w;" "~ in Eq.(3.4)into Eq.(3.3), the acceleration at next time step is obtained
in EQ.(3.5),

o« 2 3.5
T Mok 59

el dmng *
dﬂml C(w| + )+ F

Once theacceleration at next time step is determined, the velocity at next time step is calculated
by using Eq.(3.4).

3.3.2 Computational Domain

A computational program based on multiphase flow model with solid-gas-liquid interaction,
which is referred to as DOLPHIN-3D (Dynamic numerical model Of muLti-Phase flow with
Hydrodynamic INteractions - 3-Dimension), was used to simulate the nonlinear interaction
between wave and floating panel. Fig.14 shows a definition sketch of the computational
domain used in numerical simulations. The computation domain includes an energy dissipation
zone on the left and a wave overtopping pit on the right. The origir cbincides with the
wave generation source, and the positive directior ©f taken toward the right hand side of
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Figure3.14 Computational Domain

the computational domain. The location of the wave generation source was set at near the left
side of the analysis zone. A wave gauge is installed in front of the seawall in order to measure
water surface elevation. Mesh size in the directiorx,ohx;/L and mesh size in the direction

of z, Az/h are varied in a range 0f/200~1/100 and 1/40~1/25L{: the wave lengthh: the

water depth), respectively. The mesh sizes in the possible motion space of the floating panel,
are set equal to 0.005m in order to capture the surface of the floating panel with high accuracy.
The time interval at every time step was sefgt1000 so that the Courant condition is always
satisfied.

3.3.3 \Variation of Floating Panel Motion and Water Surface Elevation

In order to investigate dynamic motion characteristic of floating panel under wave action, the
relation of floating panel to water surface elevation in front of the panel is discussed in this
section.

Fig.3.15shows the temporal variation of water surface elevation in front of the seawall
and floating panel motion within a wave cycle for the conditiorhe#42.5cm,H=0.04m and
T=2.24s. As shown in Fig.3.15, frote:14.00s~ 14.60s, the floating panel goes up when the
water surface rises. Furthermore, it is found that the floating panel starts moving upward from
the initial position att=14.00s and reaches near the peak location at=thé.60s. From the
figures oft=14.60s~15.80s, the floating panel moves downward when the water surface falls.
Interestingly, both the floating panel and the water surface elevation reach near the lowest loca-
tion at around=15.80s. After that, fronmt=15.80s to 16.10s, the floating panel moves upward
and reach near the initial positiontatl6.10s. As a result, it is revealed that the floating panel
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takesa periodic motion within a wave cycles by following the water surface elevation in front
of the panel, as seen in the laboratory experiment.

Fig.3.16shows the temporal variation of water surface elevation in front of the seawall and
floating panel motion within a wave cycle for the same above condition except another wave
periodT=1.0s. In the Fig.3.16, it is also seen that the floating panel follows the water surface
elevation in front of the seawall, but a difference in the phase of water surface elevation and
floating panel motion is observed. Frasil2.30s~ 12.60s, floating panel goes up when water
surface rises, and the water surface reaches near the peak leve? #0s. The floating panel
motion, however, shows a delay in reaching the peak position compared with water surface
elevation. Furthermore, a larger difference in the phase between water surface elevation and
the floating panel motion is clearly seen in Bid.7 for the same condition of water depth and
wave height as the above conditions except wave périe@. 75s. Note that the wave periods
for the two latter condition ar€=1.00s and =0.75s, which are very close to the natural period
of floating panells=0.74s, it is revealed that if wave period is close to the natural period of the
floating panel, the floating panel motion in vertical direction experiences a large phase lag, as
shown in the laboratory experiment. It is also confirmed that the proposed model is capable of
reproducing the dynamic behavior of a floating panel under wave action.

3.3.4 Wave Overtopping Reduction Effects

Wave overtopping characteristics are very important for discussing wave overtopping reduc-
tion effect of the proposed countermeasure. This section, therefore, examines wave overtopping
characteristic through images depicting wave overtopping situation around the seawall with and
without floating panel, based on the numerical results.

Figures3.18(a) and (b) show the wave overtopping situation around the seawall without the
floating panel and with the floating panel for the wave conditioh-642.5cm,H=0.10m and
T=2.24s, respectively. In the figures framl4.10s-14.30s of Fig3.18(a), it is seen that water
surface rises in the front of the panel. Then, fremi4.50s-14.70s, the wave crest in front of
the seawall is observed higher than the crow height of the seawall, resulting in the occurrence
of wave overtopping on the seawall.

On the other hand, as shown in AdL8(b), although the occurrence of wave overtopping is
also found fromt=14.50s~14.70s, the wave overtopping characteristic is found different from
wave ovetopping characteristics in the case of the seawall without floating panel because the
water overflows into top of the seawall through the gap between the seawall and the floating
panel. It might be explained that the floating panel follows the water surface elevation and
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therefore preents wave overtopping the crown height of the seawall as seen in FigB.18
The difference of wave overtopping characteristics around the seawall with and without floating
panel are also seen in Fig3.19(a) and (b). Therefore, it would be said that the floating panel
has a reductionfiect of wave overtopping under regular wave action by following the water
surface elevation in front of the seawall. However, further measures filling the gap between the
panel and the seawall should be set for the overflow from the gap.

3.3.5 Temporal Variation of Pressure Acting on the Side of the Floating Panel

It is known that the calculation of forces acting on a structure is very important in the de-
signing stage. For a movable structure under wave actions such as floating panel, the complex-
nonlinear interaction between wave and the structure results in méiguliies for this task.
The pressure data acting on the floating panel obtained from the laboratory experiment, there-
fore, are very valuable. Unfortunately, only data of the pressure acting on the bottom of the
panel was achieved in the laboratory experiment, the data of the pressure acting on the sides
of the floating panel have not been available because the installation of the pressure gauges on
the side of the floating panel is impossible due to possible damaged resulting from the collision
impact between the steel frame and floating panel if these gauges are installed. The numerical
analysis, hopefully, can overcome this problem by simple installation of pressure gauges in the
numerical tests.

Fig.3.20shows the pressure distribution on the side of the floating panel under wave condition
of water depthh=0.425m, wave heighii=0.10m, and wave perioti=2.24s. In the Fig.3.20, it
is found that the pressure varies when the floating panel moves under wave action. A reduction
of the draft of the floating panel causes the decrease of the pressure acting on the side of the
floating panel, whereas the increase of the pressure results from the increase of the draft of
the floating panel. The difference of pressure acting on the front side of the panel and that
on the back side of floating panel is found very small within a wave cycle with a only largest
difference of 172Pa &t17.25s. Additionally, the numerical measurements of the pressures at
lowest elevation on the sides of the floating panel at different stages revealed that the values
of these pressures are approximate the hydrostatic pressures acting at the same positions of the
floating panel. For example, &t16.35s, the draft of the floating panel is 0.15m, meaning that
the hydrostatic pressure at the bottom of floating panel is 1500Pa, the pressure at the lowest
elevation in the front of the panel is found equal to 1490Pat=Af7.85s, the floating panel
experiences a draft of 0.12m, meaning that the hydrostatic pressure is 1200Pa, a value of 1180Pa
is found for the pressure at the same position. Consequently, it is revealed that the distribution
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of the pressure acting on the sides of the floating panel is as the same as hydrostatic pressure
distribution.

On the other hand, Fig.3.Zhows the pressure the pressure distribution on the sides of the
floating panel under wave conditions of water depth and wave height same as the above wave
condition, except wave periobi=1.00s. Although a variation of pressure with the draft of the
floating panel is also shown in Fig.3.,2the distribution of the pressure acting on the sides of
the floating panel is found not the same as the distribution of the hydrostatic pressure, as shown
in Fig.3.20. Furthermore, theftierence between the pressure acting on the front side and the
back side of the floating panel is found quite large compared with the maximum hydrodynamic
pressure acting on the bottom of the floating panel at almost stages within a wave cycle. For
instance, at=13.20s, this difference is 490Pa, taking about 60% of the maximum pressure,
which is equal to 800Pa, whereas only 172Pa of the maximum difference is seen in Fig.3.20.
Note that the wave period df=1.00s for this condition is very close to the natural period of the
floating panel in the vertical direction, meaning that the largesdifice of phase lag between
the water surface elevation and the floating panel motion occurs. As a result, the water surface
elevation at the front side of the panel can be veryed#ifice that at the back side of the floating
panel. The above-mentionedf#irence of the pressure acting on the front side and the back
side of the floating panel is, therefore explained.

It might be questioned that if the values of the pressure acting on the sides of the floating
panel are always found smaller than maximum hydrostatic pressure acting on the bottom of the
floating panel, whether or not the above-mentioned investigation of the pressure acting on the
sides of floating panel is worth. For structural designers, however, the unique answer is that
the above-mentioned revelation of the eiffince of the pressures acting on the sides of floating
panel is very valuable because it is found from this revelation that the floating panel is subjected
to not only equal compression resulting from the pressure acting on the both sides as in normal
thoughts, but also bending caused by theedence between pressure acting on the front side of
the floating panel and that on the back side, which are sometimes required a strengthen beyond
the compression strength requirement. The validity and utility of the numerical investigation,
therefore, are confirmed.

3.3.6 Verification of Numerical Results
(1) Temporal Variation of Water Surface Elevation in Font of the Seawall

In order to understand the interaction of water surface and the seawall, the temporal variation
of water surface elevation in front of the seawall needs to be examined. FRja&s)~3.22(c)
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showtemporal variation of calculated water surface elevations in front of the seawall and mea-
sured ones for wave conditions of water dept0.425m, wave heighti=0.04m, and wave
periods ofT=2.24s, 1.00s and 0.75s, respectively. It is revealed from Figge8-2222(c) that
incident waves are near fully reflected because the standing wave atjé$ (Hs: standing
wave height;H: incident wave height) are close to 2. For the wave condition with wave pe-
riod T=2.24s, standing wave ratio is found to be approximately 1.876 for both calculated and
measured results, whereas a value of 1.74 is obtained the wave condition with wave period
T=1.00s. Good agreements between the calculated and measured results are further seen from
these figures.

Figures3.22d) and3.22e) show temporal variation of calculated and measured water surface
elevations in front of the seawall for wave condition$ief0.425m H=0.10m, and wave periods
of T=2.24s and 1.00s, respectively. In Figs.3.22(d) ar&f{e), good agreements between the
calculated and measured ones are also confirmed, except that the peak values of the calculated
results slightly overestimate compared with the measured results at some stages. Consequently,
the numerical model can said to be capable of reproducing the nonlinear interaction of waves
and structures in the laboratory experiments.

(2) Dynamic Behavior of Floating Panel under Wave Actions

Numerical analyses of dynamic behavior of floating panel under wave action are presented
in this section. First, the calculated results of floating panel motion based on the developed
eqguation of motion are compared with measured ones in order to investigate the validity of the
developed equation of floating panel motion. Furthermore, the relation of the ratio of wave
period and the natural period to the amplitude of floating panel motion as well as phase lag
between water surface elevation and floating panel motion are discussed.

Figures3.23(a)~3.23(c) show temporal variations of calculated floating panel motion results
and measured ones for wave condition®e0.425mH=0.04m, and wave periods 0t2.24s,
1.00s and 0.75s, respectively. In FB23(a)~3.23(c), it is shown that the calculated floating
panel motion results are in good agreement with the measured ones. Good agreements between
calculated floating panel motion results and measured ones are also found in Figs.3.23(d) and
3.23e), which depict temporal variations of calculated and measured floating panel motion
results for wave conditions d¢f=0.425m,H=0.10m, and wave periods d7=2.24s and 1.00s,
respectively. It is seen from Fig.3.@8 that the calculated results slightly underestimate the
peaks compared with the measured ones at some stages. Furthermore, in k&s.3.23(e),
it is revealed that for the same water depth and wave height, the amplitude of floating panel
motion trends to decrease when wave period is close to the natural period of the floating panel.
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Taking an examination on the temporal variations of the water surface elevation and floating
panel motion for all calculated wave conditions, as shown in Bigd(a)~3.24(e), the above-
mentioned decrease tendency is further confirmed.
Figures3.25and3.26show the calculated results of floating panel motion without consider-
ing damping term and considering damping term for wave conditioms=6f425miH=0.04m,
and wave periods of=2.24s,1.00s and 0.75s. The damping coefficients are set equal to 0.70 for
the developed equation of motion. It is found from Figs.3aB83.26that when wave period is
close to natural period, the calculated results based on the developed equation of motion show a
very good agreement with measured ones, whereas disagreements are found from the compari-
son of the calculated results without considering damping term and measure ones. Furthermore,
it is revealed that the impact of friction force between the steel frame and the floating panel on
the motion of floating panel is larger when wave period is close to the natural period of floating
panel motion. As a result, the validation of the developed equation of motion is verified.
Figures3.27and3.28show the relation of the normalized period ratio of wave period and the
natural period of floating panel motion to the normalized amplitude and phase lag (normalized
amplitude: the ratio of the amplitude of floating panel motinand the amplitude of the
water surface elevation in front of the seawalk), respectively. Good agreements between the
calculated results with measured ones seen in both Big3.and3.28 confirm the validity of
the proposed model. Furthermore, it is found from Fig.3t2k if the ratio of the natural period
of floating panel motion and wave peri@d/T is small, the normalized amplitude is close to 1,
meaning that the amplitude of floating panel motion is approximate the amplitude of the water
surface elevation in front of the panel. Wh&égT is close to 1, the normalized amplitude is
found reaching a peak, which is slightly larger than 1. After that, the normalized amplitude
decrease gradually whé@n/T is larger than 1. On the other hand, it is seen from3R8that
when the normalized period ratio increases, the phase lag increases rapidly. Consequently, the
natural period of floating panel motion is found influencing on not only the amplitude of floating
panel motion but also the phase lag, which are very significant factor for wave overtopping
reduction performance.

(3) Pressure Acting on the Bottom of the Floating Panel

Figures3.29(a)~3.29e) shows the temporal variation of pressure acting on the bottom of
the floating panel in terms of calculated and measured ones for wave conditions of wave height
H=0.04m and 0.10m, respectively. Note that the hydrostatic pressure at the initial time, meaning
that when the floating panel is as initial position, is not considered in these results. It is found
from Figs.3.29(a)~3.29(c)that the calculated results are in good agreement with measured ones.
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In Figs.3.29(d) an@®.29(e), however, disagreements between the calculated ones and measure
ones are shown. It is explained that the occurrence of this difference in values accounting
for 200Pa caused by theftirence between the calculated water surface elevation results and
measures results, as shown in Fig3.22

In order to investigate the temporal variation of pressure acting on the bottom of the floating
panel and water surface elevation, as well as floating panel motion, all above-mentioned pa-
rameters are superimposed in the time axis, as shown in Fi§u8)~3.30(e). The phase
lag between water surface elevation and the pressure is found to decrease when wave period is
close to the natural period of floating panel. The variation of this phase lag is opposite to that
of the phase lag between water surface elevation and floating panel motion, which is found to
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increase whemwave period is close to the natural period of floating panel.

3.4 Conclusions

Nonlinear interaction between wave and a movable structure, which is named floating panel
for wave overtopping reduction, was discussed experimentally and numerically in this chapter.
First, the laboratory experiments were examined in order to point out characteristic of wave
overtopping reduction and dynamic behavior of a floating panel for wave overtopping reduc-
tion countermeasure, in which a floating panel was installed to the front of an existing upright
seawall. The equation of motion was then modified to realize the dynamic behavior of float-
ing panel under wave action. The proposed numerical model was furthermore used to analyze
nonlinear interaction of wave and the floating panel. The verification of the numerical results
was also implemented through the comparisons between calculated and measured ones. Main
conclusions are stated as follows:

1. It was found from the experimental examination that floating panel had a great effect on
wave overtopping reduction under regular wave action by following the water surface elevation
in front of the seawall. Wave overtopping characteristics were classified in two types of Type
1 and Type 2. Type 1 is that water mass overtops floating panel. Type 2 represents that water
overflow into top of the seawall through the gap between the seawall and floating panel. Fur-
thermore, the phase lag between floating panel motion in the vertical direction and water surface
elevation in front of the seawall was seen to increase when incident wave period was close to
the natural period of floating panel motion in the vertical direction. A collision between floating
panel and steel frame on the floating panel motion was also observed.

2. In order to consider the influence of the friction force induced by the collision between the
floating panel and the steel frame on the floating panel motion, a damping term was introduced
into the motion equation of floating panel in the vertical direction. Rotational and horizontal
motion, which were seen small compared with vertical motion in the laboratory experiments,
were neglected.

3. Nonlinear interaction and dynamic behavior of floating panel under wave action were
numerically investigated in terms of variation of floating panel motion and water surface ele-
vation, wave overtopping characteristics, and pressure acting on the front and the back side of
the panel. In terms of two former investigations, the following results were obtained: 1) Float-
ing panel follows water surface elevation in front of the seawall; 2) The phase lag between the
water surface elevation and floating panel motion increases when wave period was close to the
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natural periodof floating panel in the vertical direction; 3) Wave overtopping characteristics
were influenced by the relationship between water surface elevation and floating panel motion.
These results were seen consistency qualitatively with experimental ones. The proposed model
was, therefore found capable of reproducing the nonlinear interaction and dynamic behavior of
floating panel under wave action. In terms of the investigation on pressure acting on the sides
of floating panel, it was found that when wave period was far from the natural period of floating
panel in the vertical direction, the pressure had a same distribution with hydrostatic distribution,
as in normal thought. When wave period was close to the natural period, however, a significant
difference between the pressure acting on the front side and that on the back side of the floating
panel was revealed. It was proven that this revelation is very important for designing a floating
panel. Note that the pressure acting on the sides of the floating panel has not been obtained in
the laboratory experiment because of thdlilties in installing the pressure gauges on these
sides, the validity of the proposed model was furthermore stated.

4. Numerical results were compared with experiment results in term of variation of water
surface elevation in front of the panel, dynamic behavior of floating panel under wave action,
pressure acting on the bottom of the floating panel. Through good agreement between the cal-
culated and measured results, the validity and the utility of the proposed model was confirmed.
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CHAPTER 4
GENERAL CONCLUSIONS AND
PERSPECTIVE

In order to explore and exploit natural resources of seas and oceans such as water, food and
energy as well as to provide means for transport and other substructures, variety of coastal and
offshore structures have been built and utilized. No matter what type they are and what func-
tions they are used for, one thing is common, they are all under wave actions, which have been
noted nonlinear, severe in harsh sea conditions, dominant compared with other impacts such
as wind and current. Understanding the interaction between wave and structure is therefore,
one of the most important requirements to design and install safe, functional and economical
coastal/ofhore structures. In the present study, this motivation was realized by developing
a numerical wave tank model capable of reproducing nonlinear wave-structure interaction for
both fixed and movable structures, considering the interaction between air and water phase.
Starting with the idea that the interaction between wave and coastal ahdm@tructures may
be considered as representation of the interaction among the solid phase (structures), the gas
phase (air) and the liquid phase (water), a multiphase flow model with solid-gas-liquid inter-
action was used to developed a numerical wave tank. The validity and utility of the proposed
numerical wave tank model were then verified by a series of simulations on wave propagation
and energy dissipation zoneedfs, wave propagation over a submerged dike and wave breaking
process on the d#fent uniform slopes. Next, the proposed model was utilized to analyze the
nonlinear interaction between wave and a floating panel for wave overtopping reduction. This
chapter aims at presenting a review on main findings of conducted works as well as discussing
future works.

Background of nonlinear interaction between coastal/offshore structures was introduced in
chapter 1. A literature review on numerical wave tank models was furthermore conducted. All
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discussionshowed the necessity of a new numerical wave tank, which can model the nonlinear
interaction between waves and both fixed and movable structures, considering the interaction
between air and water phase.

Chapter 2 developed a numerical wave tank based on a multiphase flow model with solid-
gas-liquid interaction proposed by Kawasaki and co-workers (2005~2009), in which a non-
reflective wave generator proposed by Kawasaki et al. (1998), and energy dissipation zone treat-
ments presented by Cruz et al (1993) and Hinatsu (1992) were employed to realize the numerical
wave tank. In order to enhance the computational accuracy, a CIP-CSL2 (Constrained Interpo-
lation Profile- Conservative Semi-Lagragian 2) method and the third-order Adams-Bashforth
scheme were incorporated in the numerical model. Key figures of the proposed numerical wave
tank are summarized as follows,

1. In the present numerical wave tank model, solid, gas and liquid phase might represent for
structures, air and water, respectively. As a result, it can be said that the interaction between air
and water was considered in this numerical wave tank model.

2. A non-reflective wave generator was installed in the analysis domain, and energy dissipa-
tion zones were employed at both sides of the computational domain to dissipate waves from
the analysis domain.

3. The flow is represented by one set of governing equations, and therefore no special treat-
ment is needed for the boundary among three phases. This figure might enable the numerical
model to advantageously simulate interaction between wave and both fixed and unfixed struc-
tures.

Besides, the validity and the utility of the proposed numerical wave tank were confirmed
through a series of simulations in chapter 2. For the verification part of wave propagation,
good agreements between calculated and theoretical results in terms of water surface profile
and water particle velocities verified the validity of non-reflective wave generation method as
well as the interface capturing scheme tangent CIP. On the other hand, the examination of
spatial distribution of water surface elevation revealed the validity of energy dissipation zone
treatments. For the analysis of wave propagation over a submerged dike and the simulation
of wave breaking process on different uniform slopes, good agreement between numerical and
experimental results confirmed the capability of the model in analyzing nonlinear interaction
between wave and a fixed structure. Compared with previous numerical wave tanks model, the
present numerical wave tank shows advantages in simply treating boundaries of solid bodies
and in considering the interaction between air and water phase. Moreover, it was suggested
from the analysis of wave propagation over a submerged dike that the relationship between the
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generatiorof higher harmonic and the spatial distribution of the large velocities on the water
surface and on the top of the submerged dike should be considered in practical design because
these large velocities might cause the erosion of the material on the top of a submerged dike. In
terms of pressure acting on the top of the dike, thetifice between the pressure acting on the

top layer at the weather side and that at the lee side should be also noted becauffertnsdi

might result in the sliding failure mode of the dike.

A countermeasure for wave overtopping reduction including a vertical seawall and a floating
panel installed in the steel frame, which is attached at the upright of the seawall, have been
investigated by Kawasaki and co-worker since 2010. Funahashi (2011) experimentally and
analytically discussed the wave overtopping reductioectfdf a floating panel with éierent
cross sections under both regular and irregular wave, whereas nonlinear interaction between
wave and a floating panel for wave overtopping reduction under regular wave action, whose
cross section is rectangle, were experimentally and numerically studied in chapter 3 of this
study. First, the laboratory experiments were examined in order to point out characteristic
of wave overtopping reduction and dynamic behavior of a floating panel. The equation of
motion was then modified to realize the dynamic behavior of floating panel under wave action
by proposing a damping term, which was assumed representing the friction force induced by
the collision between floating panel and steel frame. The newly proposed numerical model was
then used to analyze nonlinear interaction between wave and the floating panel under regular
wave action. Verifications of the numerical model were furthermore implemented through the
comparisons between calculated and measured results. Good agreements between the numerical
and measured ones confirmed the validity of the proposed model. Main findings about nonlinear
interaction between wave and the floating panel are stated as follows,

1. It was found from experimental examination that floating panel had a gfeat en wave
overtopping reduction under regular wave action by following the water surface elevation in
front of the seawall. Wave overtopping characteristics were classified in two types of Type 1 and
Type 2. Type 1 is that water mass overtops floating panel. Type 2 represents that water overflow
into top of the seawall through the gap between the seawall and floating panel. Furthermore,
the phase lag between floating panel motion in the vertical direction and water surface elevation
in front of the seawall was seen to increase when incident wave period was close to the natural
period of floating panel motion in the vertical direction. A collision between floating panel and
steel frame on the floating panel motion was also observed.

2. Nonlinear interaction and dynamic behavior of floating panel under wave action were nu-
merically investigated in terms of variation of floating panel motion and water surface elevation,
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wave overtopping reductionffects, and pressure acting on the front and the back side of the
panel. In terms of two former investigations, the following results were obtained: 1) Floating
panel was confirmed to have a good reductifiacts of wave overtopping under wave actions

by following the water surface elevation in front of the seawall; 2) The phase lag between the
water surface elevation and floating panel motion increases when wave period was close to the
natural period of floating panel in the vertical direction; These results were seen consistency
gualitatively with experimental ones. The proposed model was, therefore found capable of re-
producing the interaction and dynamic behavior of floating panel under wave action. In terms of
the investigation on pressure acting on the sides of floating panel, it was found that when wave
period was far from the natural period of floating panel in the vertical direction, the pressure
had a same distribution with hydrostatic distribution, as in normal thought. When wave period
was close to the natural period, however, a significan¢fice between the pressure acting on

the front side and that on the back side of the floating panel was revealed. It was proven that
this revelation is very important for designing a floating panel. Note that the pressure acting on
the sides of the floating panel has not been obtained in the laboratory experiment because of the
difficulties in installing the pressure gauges on these sides, the validity of the proposed model
was further stated.

Regarding the perspective of the proposed numerical wave tank model, some further works
are mentioned here. First, although dynamic behavior of floating panel under wave action was
well reproduced with the consideration of the friction force by introducing a constant damping
term into the equation of motion, another fully numerical approach, in which a collision term
variable with motions of floating body, should be furthermore studied. On the other hand, it
was shown from this study that the numerical model is capable of reproducing wave breaking
and wave overtopping considering the interaction between air and water phase. This revelation
suggests that the proposed model can be available to simulate the interaction between waves and
structure considering windfects, a development of the present model to realize this problem
therefore should be pursued. Moreover, although a three-dimensional numerical wave tank was
developed, three-dimensional applications have not been addressed. The validity and utility of
the numerical wave tank model in analyzing three-dimensional applications such as generating
multi-directional wave and nonlinear interaction between wave and a three-dimensional floating
body therefore should be further investigated.
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