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Abstract

Breakwater is commonly used infrastructure for protecting coastal zones from
waves and tsunamis. Computational modelling is frequently employed for pre-
diction and validation of the breakwater design. Potential flow based models
may not be ideal for such applications due to large energy dissipation. We apply
the Computational Fluid Dynamics (CFD) to study the waves and breakwater
interaction problem. In this work, we benchmark the performance of a new
type of flap-gate breakwater in regular waves (airy wave theory and second
order Stokes wave theory), where the multiphase Navier-Stokes equations are
solved and the structure of breakwater is considered as one phase of fluid within
the ‘one-fluid’ framework. In this way, the computational costs will be reduced
as the same level as the numerical wave tank alone. We conduct a grid refine-
ment study and compare results to experiments to investigate accuracy. The
result shows a good agreement with the experimental data. Further, we use
the validated model for sensitivity studies for different settings of flap-gate, and
the solitary waves paradigm for tsunamis. The proposed novel numerical tool
allows us to study large parametric spaces, impact of breaking waves, load and
pressure producing process and interaction time.
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Performance of flap-gate breakwater in different settings is evaluated by

using CFD

The flap-gate breakwater is modelled as a phase of fluid within the ‘one-
fluid’ framework, the dynamics of fluid-structure interaction is solved

within the fluid solver

Good comparison with experimental result for regular waves, including

airy wave theory and 2nd Stokes wave.

Solitary wave impact with breakwater is studied for analogy of tsunamis
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1. Introduction

With the development of shipment, numerous coastal areas are gradually
becoming major economic centres of the country [1, 2]. They have a rapidly
growing population and a progressively stronger industry [3, 4]. However, these
areas are also more vulnerable to coastal environmental problems and even
to disasters such as tsunamis or floods, especially in developing countries [5,
6, 7]. Therefore, a series of breakwaters are often placed in ports, jetty and
human settlement as a local protection response. They are always liable for
wave attenuation, wave dispersion and shoreline control [8, 9].

Currently there are mainly two types of breakwater structures, namely fixed
breakwaters and floating breakwaters [10, 11]. The fixed type includes the block-
work breakwater, caisson and piled breakwater [10]. Floating breakwaters can
be divided into seven main categories, box type, pontoon type, frame type,
mat type, tethered float type, horizontal plate type and other types [11]. By
the mechanisms of breakwater structures, they can also be classified into three
types of reflecting type, disturbing type, and friction type [11, 12, 13]. Fixed
breakwaters belong to the reflective category. Their concrete walls require to
be sufficiently firm to sustain the impact loads from the wave smashing [14,
15]. Also in the reflective category are the floating box-type and pontoon-type
breakwaters [11].

In this work, we are interested in a new type of breakwater, the flap-gate
type. The flap-gate breakwater, which combines the advantages of fixed and
floating types, is also classified as reflecting type. There are two examples of
such breakwater, depending on whether the gate is rotated counterclockwise or
clockwise facing the wave. One practical application is the ‘MOSE’ (MOdulo
Sperimentale Elettromeccanico) system. These flap-gate barriers (MOSE) are
the defence system which, in due course, separates the Venetian Lagoon from
the Adriatic Sea, protecting the city of Venice from high tides and storm surges
[16, 17]. When in operation, compressed air is pumped in and replaces the

water inside the gates. The gates rotate clockwise around the hinge axis and
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rise until they emerge from the water surface to prevent the high tide. When
the tide returns to normal, the gates are filled with water and they lie on the
floor of the lagoon inlets [18]. Another typical flap-gate example is a flap-gate
type movable seawall. It is also known as ‘neo RiSe’ (No Energy, No Operation,
Rising Seawall) [19, 20, 21]. The wall-flap-gate is an improved version of ‘neo
RiSe’. Kimura [19] conducted hydrodynamic experiment and various prototype
tests on the wall-flap-gate. The structure is positioned at a certain distance from
the ground. It blocks the tsunami or flood flow by rotating counterclockwise
and closing the ventilator with the gate. The structure has proven to be strong
and efficient enough to be used to protect coastal buildings from inundation by
tsunamis or floods. The Hamaoka Nuclear Power Station has practical wall flap
doors installed on its outer walls [19].

The flap-gate breakwater in this study tends to be similar to the ‘neo RiSe’.
It works automatically by its own buoyancy without the support of external
pumps. As the incoming the inundation water surges towards it, it rotates and
the movement appears to flap. For water close to the shore it then acts as a wave
maker. In other words, breakwater converts violent waves of high frequency and
wave height into waves of lower frequency and wave height with less impact. It
attenuates waves by reflection from the plate and dissipates wave energy by
wave slamming phenomena. It is aiming to minimise damage from high-energy
waves by the forces of nature itself [19].

Numerical simulation of the dissipated wave energy is challenging for flap-
gate type of breakwater. The traditional method to tackle this is to separate
it into two problems, hydrodynamics and rigid body dynamics, either in time
or frequency domain. A potential flow theory is often used [22, 23, 24, 25],
but the simplification of potential flow models limits the application. With a
significant advancement in computational fluid dynamics (CFD) and computing
power, the use of CFD model is a viable approach. Although CFD is considered
as computational expensive, they can provide an accurate and high fidelity
modelling for different problems.

The interface capturing, e.g. level set methods [26, 27] or volume of fluid
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methods [28] or interface tracking methods with two-phase immiscible flow
model is commonly used for the CFD based wave modelling approaches. It
is noticed that the miscible flow model, e.g. the interpenetrating model, could
also be used for wave and structure interaction modelling [29].

In the present numerical study, we presented alternative approaches for solv-
ing wave-structure interaction problems using one-fluid formulation and inves-
tigated the effectiveness of the new type of flap-gate breakwater. We will verify
and validate the multiphase solver in terms of wave generation and propaga-
tion. Then, the verified and validated model is applied for the flap-gate and
wave interaction and compared with the experiment. In the last, we investi-
gate the breakwater under tsunamis like solitary waves. This enables us to
investigate a large variety of wave height. All the simulations are conducted in
two-dimensional domain.

The outline of the paper is organised as follows. Section 2 introduces the
‘one-fluid’ numerical models for multiphase flow interaction with rigid structure,
as well as the numerical algorithm. Section 3 provides a detailed description of
the experimental layout and testing conditions. Section 4 discusses the details
of numerical results compared with the experiment. Section 5 presents the
efficiency of breakwater under solitary waves. Finally, conclusions are drawn in

Section 6.

2. Numerical model

2.1. Multiphase flow

The unsteady incompressible viscous flow, occupying the domain €, which

can be described in the spatial coordinates as,
ou .
p E—F(Vu)u =—-Vp+ V- 2uD(u) + pg in Qf (1a)
V-u=0 in Qf (1b)

which represents the strong form of the incompressible Navier-Stokes equations,

where D(u) = 1(Vu + (Vu)T) is the strain rate tensor, p is the density field
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of the fluid and p is the dynamic viscosity, g the gravitational acceleration
respectively. With suitable initial/boundary condition, the system is closed.
In this paper, the fluid and water is assumed to be the incompressible viscous
flow by Eq. (1). The density and viscosity of the system is determined by the

combination of smoothed Heaviside function
pP= paHa + pwHw; B = ,U/aHa + lfwaw (2)

where Q; = Q, UQ,, (in the absence of surface tension), where the subscript

a,w denotes the air and water.

2.2. Interface capturing method

The numerical wave tank solves the Navier-Stokes equations to describe in
detail the incompressible flow of two immersible fluid (water and air). The
location of the free surface is represented by zero level set of a signed distance
function ¢(x,t). The evolution equation of an interface moving in a medium
with velocity u, is defined in an non-conservative form as

o¢
— V=0 3
g Tu Vo (3)
The above Level Set equations can be convected using standard numerical
method for a hyperbolic equations. The Eikonal equation |Vu| = 1 is valid.

Reinitialisation is required to maintain a signed distance function.

2.3. Numerical wave tank: wave generation and absorption

The wave generation is acquired by wave generation zone and wave absorp-
tion zone. The free surface and inlet velocity is described at the inlet boundary
condition. The values are obtained from airy wave theory. At the end of the
wave flume, the waves should be dissipated to avoid the reflections by using a
relaxation method. In the case of first order linear waves, the horizontal and

vertical velocity u and v and the wave height for the free surface location are
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given as:

mH cosh[k(z + d)]

w@, st = g sf
wH sinh[k(z + d)] .
= me T A 4
R e Ry R (4)

H
o(z, z,t) = 5(:059—2—&—(1

The wave number is defined as k = 2{ and the wave phase 0 = kxr — wt, where

H is the wave height, L is wavelength, T" is the wave period, w the angular wave
frequency, and z is the vertical coordinate. Stokes wave theory was implemented
with second order component. The velocity and level set function becomes

30, 31:

mH cosh[k(z + d)] 3H%mk cosh[2k(z + d)] .

t) = _ 0 260
L e 1 B AL TR R I
mH sinh[k(z + d)] . 3H?mk sinh[2k(z + d)] .
="~ 2 )
v(x, 2, 1) T b kd sin 6 + ST bk sin 26 (5)
7H? cosh kd

H
) 7t = 6+77
O@,2,t) = 5 oosf+ =5

(2 4 cosh 2kd) cos20 — z + d
The wave steepness H/L and relative depth h/L illustrate the behaviour of the
wave.

The absorption zone is added to dissipate the velocity and force the free

surface to the still water level using a relaxation method [32], with a relaxation

length equal two wavelengths. Use Eq.6 to generate the absorption zones

) 6(733.5) 1 N

p(Z)=1-— — 1 for 7 €10,1] (6a)
v =p(Z)u (6b)
v =p(T)v (6¢)

where Z is scaled to the length of the relaxation zone. kZ is subtractive scale
factor equation. u and v are the velocity components of the velocity field in
the horizontal (x) and vertical (y) directions, respectively. Reynolds-averaged
Navier-Stokes (RANS) zero-equation turbulence model are used in the simula-

tion [33].
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2.4. Dynamics of flap gate

Flap gate breakwater within the domain taken into account using the ‘one-
fluid’ formulation [34]. In contrast with a wave energy converter [35], there is
no damping or stiffness added to the flap gate system. Subject to the kine-
matic constraint, the dynamics of the flap plate can be written in a new form,

comparable with Navier-Stokes Eqgs. (1)

P rz;; + (Vu)u] =—-Vp+ V- -D[A +pg (7a)

u=wX (x—xp) (7h)

Above Eq. (7) is the strong form of the governing equation for the dynamics of
flap plate. Compared with the N-S Eq. (1), the only difference is the evaluation
of V - D[}A]. The rigidity force is clearly stated on the continuum level.

2.5. Qwerall fluid-structure interaction

In the case of immersed methodologies, the explicit use of the jump condi-
tions is avoided by means of a ‘smooth regularisation’ of the interface. With the
new formulation Eq. (7) for the rigid body dynamics, the conservation equation
for the linear momentum for three-phase system can be expressed in a single
equation in the whole domain Q = Q, U Q,, UQ, (in the absence of surface ten-
sion), where the subscript a,w, r denotes the air, water and rigid body phases,

respectively.
ou .
Pl + (Vupu| = =Vp+fipg inQ=0200,UQ
u=wX (x—xy) inQ,

where p = p.H, + pwHy + poH,. In these expressions, H, is the generalised
Heaviside function for a phase a, which is defined as
1 if xeQ,

H,(x) = . . 9)
0 if ¢¢Q,
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In the Eq. (8), the force f is defined on each phase

V - 2u,D(u) air
f=< V-2u,D(u) water - (10)
V.D[A rigid

The formulation is named ‘one-fluid’ because the governing Eq. (8) is similar
to those of the single phase N-S Eq. (1). The above Eq. (8) is a rewrite of the
three-phases equations for the whole domain and satisfies the non-slip boundary

on the interface without resorting to the jump condition.

2.6. Numerical and discretisation scheme

From the spatial discretisation point of view, we employ a Cartesian stag-
gered Finite Volume scheme (Marker-and-Cell grid) and a level set methodology
to describe the evolution of the various interacting phases. The convective terms
of N-S equations are discretised with a second order TVD Runge-Kutta scheme
in the conservative framework. For the time treatment of the momentum and
the level set equations, a second order accurate Runge-Kutta scheme is em-
ployed. Adaptive time stepping is used to control the Courant-Friedrichs-Lewy
(CFL) number.

2.7. Numerical result for periodic waves

We first validate the periodic waves for a wave propagation in 2D. Six cases
are tested including linear waves and 2nd order Stokes, where the wave condition
table is given in Tab. 1. The wave height H = 0.1 m and a wave length L = 2
m for a still water depth of d = 0.5 m in a 20 m long wave flume is in the
region Stokes theory, but we followed the work [32] using linear wave theory
for the wave generation and validation. The CFL number is kept as 0.5. Fig.
1 shows the sketch of the horizontal velocity component. Fig. 2 shows the
grid convergence from dx = 0.08 to dx = 0.01 m under four series of meshes.
On the coarse mesh dzr = 0.08, it shows a large in phase error and amplitude

dissipation. The results show a good agreement with the analytical values.



Cases Wave Steepness Mesh resolution (m) Simulation boundary

1 0.05 0.08 linear theory
2 0.05 0.04 linear theory
3 0.05 0.02 linear theory
4 0.05 0.01 linear theory
5 0.08 0.02 linear theory
6 0.08 0.02 2nd Stokes theory

Table 1: Numerical validation cases for periodic waves.

Figure 1: Sketch of the numerical wave tank. The contour shows the horizontal velocity

component under meshsize dz = 0.02 m.

0.05 7 - e
-0.05
0 5 10 15 20 0 5 10 15 20
x (m) x(m)
(a) dx = 0.08 m (b) dx =0.04 m
0.05 i n N0 f
0.05
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(c) dx =0.02 m (d) dx =0.01 m

Figure 2: Grid convergence test in a 20 metre 2D wave tank with wave height H = 0.1 m,

wave length L = 2 m. The black dash line shows the wave theory.

The wave height H = 0.16 m with a wave steepness 0.08, was tested using
airy wave theory and 2nd order Stokes theory under mesh resolution dx = 0.02,

measured at location 5 m, which is shown in Fig. 3. It can be observed that

10
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crests in 2nd order Stokes are steeper than for airy waves.
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Figure 3: Comparison of surface elevation between airy wave theory and 2nd order Stokes

wave theory for generation periodic waves for wave steepness 0.08.

3. Experimental layout and testing conditions

The experiment was conducted in a wave flume in Tianjin Research Institute
for Water Transport Engineering, Tianjin, China. The wave flume is 68 m long,
1 m deep and 1 m wide, and waves were generated with a piston type wave
maker equipped with an active wave absorption system, as shown in Fig. 4.
Based on the dimensions of the experimental wave flume, the geometric scale of
the experimental model was designed to be 1:30. The water depth of the flume
is 0.50 m, which corresponds to a real water depth of 15 m. The numerical
wave tank reproduces the experimental flume arrangement and the schematic
diagrams of the two are shown in Fig. 5 and Fig. 6.

The flap-gate breakwater is arranged in the middle of the flume, hinged to
the seabed at its ground end. Experiments were carried out with various lengths
of breakwaters and their initial downward angle, but ensuring that the initial
vertical projection height of all the breakwaters was 0.7 m. Each breakwater
consists of two materials, PVC grey plastic sheet (1750 kg/m 3) and EPE foamed

plastics (17 kg/m 3), 0.12 m and 0.3 m thick respectively, i.e. an overall average

11



175

1m

0.5m

Figure 4: Wave flume at TIWTE.
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Figure 5: Schematic diagrams of the physical experiment. 6 gauges are registering the wave

amplitude at gl1-9.

Incident wave
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Figure 6: Schematic diagrams of the numerical wave tank, for simplicity, the breakwater is

considered as a uniform density.

density of 510kg/m ® with a thickness of 0.42 m. There are no constraints on

the flap’s rotation motion.

The physical positions of the 6 wave gauges are at a distance of 1.5m from the

front and rear of the breakwater, with 0.5 m intervals. They are used to record

the surface elevation with a sampling frequency of 100Hz. For clarity, the part

of the physical flume reproduced in the numerical domain is also highlighted.

12
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The vertical distance of each transducer from the toe of the wall is given in

Table 2.

Wave gauges location gl g2 g3 g4 gb gb

Distance from the breakwater (m) -2.5 -2.0 -1.5 15 20 25

Table 2: Vertical distance of the surface transducers from breakwater, gl to g6.

4. Numerical comparison for regular waves

In order to verify the numerical method and validation of the mathemat-
ical model, we will first reproduce the physical experiments in Section 3. A
computational domain 15 m long and 1.0 m high was used in the numerical
simulations. The inflow boundary condition was used with a relaxation zone to
avoid reflection. Three sets of grid resolutions with Az = 0.02 m, Az = 0.01
m, Az = 0.005 m were used to check the accuracy and convergence.

We evaluate three types of designs for plate angle 30, 45 and 60 degrees,
with a length of 140, 99 and 80.2 respectively. The experiment was conducted
with water depth d = 0.5 m and details of the settings are shown in Fig. 5. Fig.
7 compared the time history of wave surface elevation between numerical results
and experimental data at H = 0.16 m, L = 2.0 m for angle 30 and L = 1.4 m
using 2nd order Stokes wave theory. The time series of regular wave interaction
with flap-gate breakwater: time evolution of the free surface, breakwater and
vorticity contours of the fluids, vorticity contours (=50 < w < 50) is shown in

Fig. 8.

mesh size (m)  numbers of cells
1 Az=2x10"% 750 x50
2 Az=1x10"% 1500 x 100
3 Az =5x10"3 3000 x 200

Table 3: Grid resolution for numerical comparison for regular waves.

13
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(b) Surface elevation at water gauge 4, after the breakwater.

Figure 7: Time history of wave surface elevation between numerical results and experimental

data at H = 0.16 m, L = 2.0 m for angle 30 and L = 140mm from ¢t = 0 s to t = 20 s.

The transmission coefficients are defined as ratio of the downstream wave
height to upstream wave height, shown in the Table 4. Both experimental and
numerical shows that 30 degree plate gate breakwater is efficient and has a sig-
nificant small transmission coefficient. In the case of 60 degree, the breakwater
acts as a wave maker and transfers most of its energy. As a result, the system

may be efficient with an increasing water depth, e.g. induced by storm surge.

Angle (deg) Length (cm) Exp. transmission coef. Simulation transmission coef.

30 140.0 0.42 0.45
45 99.0 0.83 0.80
60 80.2 0.92 0.89

Table 4: Designed physical parameters for different angles for wavelength L = 2m and wave

height H = 0.16 m.

14
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(a) t =0.0s
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Figure 8: Time series of regular wave interaction with flap-gate breakwater: time evolution
of the free surface, breakwater and vorticity contours of the fluids, vorticity contours (—50 <
w < 50). Water density p, = 1.0 g/cm3, air density pg = 1.0 x 1073 g/cm3, breakwater
density ps = 0.5 g/cm3, mesh size 3000 x 200.

5. Tsunami-like solitary waves

In this section, we will evaluate the performance of the new flap-gate break-
water under extreme waves, e.g. tsunamis. Solitary waves have been used
extensively to model tsunamis in experimental and analytical studies [36]. Us-
ing the validated numerical models, simulations of interactions between solitary

waves and the breakwater are performed. The simulation domain is chosen as

15
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8 m long to save computational time. Inlet boundary condition follows the
analytical solution of a solitary wave [37].

The solitary wave height is from 0.05 m to 0.25 m and the water depth
is 0.5 m in the wave flume. The cases with highest wave height h = 0.25 m
are displayed by using a fluid mesh refinement study, with meshes of 375 x 70,
750 x 140 and 1500 x 280. The gauge location is the same as in the previous case.
Two pressure monitoring points are added at the left corner in the numerical

wave tank, shown in Fig. 6. The reflection coefficients are defined as the

(a) t =0.0s (b)yt=1.0s

(c)t=15s (d)t=19s

(e)t=22s (f)t =255

Figure 9: Snapshot of solitary wave interaction with flap-gate breakwater: time evolution of
the free surface, breakwater and vorticity contours of the fluids, vorticity contours (—50 <
w < 50). Water density p, = 1.0 g/cm3, air density p, = 1.0 x 1072 g/cm?3, breakwater

density ps = 0.5 g/cm?3, meshsize 1500 x 280 for no breaking waves.

reflected wave height over the initial solitary wave height. The reflection and
transmission coefficient can be easily calculated from Fig. 10 from peak value
of gauges 1 and gauges 4, respectively.

The pressure distribution is useful to analysis the understanding of tsunami-
induced damages and provide information for structural optimisation designs.

Fig .10 (c) shows the pressure history on the pressure monitoring point A and B,

16
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Figure 10: Convergence study of evolution of the free surface elevation at three locations
(water gauges 1, 2 and 4.) for the solitary wave impact. Left: solid line: water gauges 1; dot

line: water gauges 2. Middle: water gauges 4. Right: pressure history on point A and B.

as seen in Fig. 6. Fig. 11 shows time history of pressure distribution for solitary
wave interaction with breakwaters. During the solitary wave impact on the
breakwater, a clear discontinuous pressure distribution between the breakwater
can be observed. There are no breaking waves and the pressure increases around

25 1 kPa for solitary wave height under h = 0.25 m.

230

steepness  breaking waves transmission coef. (num.) reflection coef. (num.) Peak pressure (kPa)
0.1 no 0.59 0.33 0.0239 / 5.0034
0.2 no 0.54 0.38 0.0254 / 5.3561
0.3 no 0.50 0.43 0.0281 / 5.7563
0.4 no 0.45 0.47 0.0325 / 6.0197
0.5 yes 0.40 0.55 0.3843 / 6.2772
0.6 yes 0.35 0.66 1.3867 / 6.6672
0.7 yes 0.23 0.54 3.1196 / 6.9613

Table 5: Numerical result for transmission coefficient and reflection coefficient under different

steepness. The simulations are performed under mesh resolution dx = 0.01 m.

Fig. 12 shows the time history of the pressure monitoring point A and B. In

the non-breaking waves regime from h = 0.1 m to h = 0.4 m, the pressure loads
at A are small. Table 5 summarise the transmission and reflection coefficients
under 7 different wave heights. It is interesting to notice that with the increased

wave steepness, the transmission coefficient decreases and the reflection coefhi-

17
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Figure 11: Time history of pressure distribution for solitary wave interaction with breakwaters

at h = 0.25 m (left column) and h = 0.3 m (right column).

cient increases. The new type of breakwater shows a good property to prevent

the extreme waves. Wave-overtopping and breaking waves can be observed for

h > 2.5. Large slamming forces can be found for large wave height, which is

more than 2 orders of magnitude compared with low wave height case.

25 6. Conclusions

The goal of this paper is to develop numerical simulation of wave transmis-

sion and reflection for a new flap-gate breakwater using the ‘one-fluid’ model.

We have first reported the validation and convergence of numerical validation

using airy, 2nd order Stokes and solitary wave theory. After that, the experiment

20 allowed us to verify and validate for the wave-breakwater interaction under reg-

ular waves. A good agreement between computational results and experimental

18
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Figure 12: Time history of pressure monitoring point at point A (left) and point B (right) for
different wave height from h = 0.1 m to h = 0.7 m.

data are shown. The numerical model can simulate free surface flow and wave
breaking problems, the load/pressure producing processes. We also evaluate the
performance of breakwater and impact pressure under different solitary waves
for different wave heights. The numerical tool will be used for producing sim-
plified relationships for tsunamis impact forces in codes of best practice.

Both experimental and numerical results illustrate that the 30 degree break-
water is the most efficient. There is no constraint on the flap’s rotation motion,
so the degree of breakwater is relied on the mass distribution. As a result, the
efficiency of such systems may change with water depth, e.g. induced by the

storm surge.
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