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Nowadays, the use of RANS-based models for simulating numerical wave flumes and studying coastal engi-
neering structures is common and allows investigating accurately phenomena that occur in current/wave-
structure interactions. Comprehension of energy transformations in these processes can support designers to
optimize the system. In this study, a methodology to evaluate the terms of the energy rate balance in coastal
engineering problems is developed. The methodology is applied to the propagation of regular waves in numerical
wave flumes, onshore oscillating water column wave energy converter integrated into a vertical breakwater, and
two types of rubble-mound breakwaters. The direct determination of the energy rate due to viscous and tur-
bulence losses and the porous resistance in rubble-mound breakwaters are carried out by time integration inside
the computational domain. Besides, the reflected and transmitted energy rates in the flume are calculated by
means of this methodology, instead of the standard gauge methods, commonly used in physical and numerical
flumes. Complementary, studies may be carried out for random incident waves and the methodology can be

applied to 3D wave tanks.

1. Introduction

Several cases have been studied by coastal engineers to understand
the current/wave-structure interactions, such as breakwaters and wave
renewable devices. Physical experiments have an important contribu-
tion in this context; however, this type of investigation is dependent on
the instrument limitations and uncertainties. Numerical approaches also
have their restrictions, mainly related to the limited computational ca-
pacity to use accurate models based on Navier-Stokes equations in
coastal engineering problems. Nevertheless, a great advantage of nu-
merical models is the possibility to set and control any variable of the
phenomenon to better understand the behavior of the system. Besides,
the numerical modeling allows monitoring any variable that is very
difficult to be measure in physical modeling throughout the whole study
domain.

A complete and consistent study about the energy rate balance in
numerical wave flumes by using Navier-Stokes equations allows a
deeper understanding of the involved phenomena and the accuracy of
the adopted numerical approach. A gap of knowledge in the numerical
simulation of wave flumes is, for example, the quantification of the
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influence of the growing of the numerical dissipation along time caused
by turbulence models and the energy loss of the incident wave, observed
by several authors, such as Larsen and Fuhrman (2018) and Didier and
Teixeira (2022).

Another interesting study topic is the quantification of the efficiency
of any coastal structure to have conditions to optimize its design and
operation. For example, the design of a wave energy converter can be
improved if engineers understand how the energy is spatially distributed
in the system along the time and, therefore, losses can be diminished to
improve the extracted energy. There are many researches that use the
high-fidelity numerical modeling to analyze the performance of several
types of the wave energy converters, as those cited by Penalba et al.
(2017), Windt et al. (2018), and Opoku et al. (2023). However, there are
few works that investigated the energy balance around wave energy
converters, such as Elhanafi et al. (2016), Tseng et al. (2000), Giiths
et al. (2022) and Teixeira and Didier (2023). In these studies, the inci-
dent wave energy is composed of the reflected wave energy, device
extracted energy and dissipation of energy due to the viscous and tur-
bulence losses. However, the latter is not directly evaluated, since it is
the rest of energy that satisfies the energy balance. Therefore, some
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questions must be answered, such as: (i) How the mean viscous and
turbulence losses can be directly determined? (ii) Are these values
actually close the energy rate balance equation? (iii) How these losses
are spatially distributed along the numerical flume?

Additionally, it is very important to understand how energy losses
and damping of energy are distributed in a coastal engineering structure,
such as a rubble-mound breakwater, allowing the improvement of their
design and efficiency. There are many highlighted works about hydro-
dynamics of breakwaters such as Hsu et al. (2002), del Jesus et al.
(2012), Higuera et al. (2014), Vanneste and Troch (2015), among
others; however, the real spatial distribution of the energy losses out and
inside the breakwater has not been studied yet. This information is very
important to quantify the mean energy losses due to viscous and tur-
bulence effects and the presence of porous media of the breakwater.

This study aims determining different types of energy rates in the
energy rate balance equation of numerical wave flumes used in coastal
engineering problems. Numerical simulations are carried out by using
the ANSYS-FLUENT® (Ansys, 2016) numerical model, which is based on
the Reynolds Averaged Navier-Stokes (RANS) equations and the Volume
of Fluid (VoF) technique. The applicability of the developed methodol-
ogy is shown in the wave propagation of regular waves in a numerical
wave flume with horizontal bottom; numerical flumes with an onshore
oscillating water column wave energy converter; and two types of
rubble-mound breakwaters. It can be noted that the present methodol-
ogy is not restricted to these examples; it can be applied to any coastal
problem to understand how the energy rate is distributed in the system
space.

2. The energy rate balance equation

The macroscopic balance of energy rate for isothermal flow in
transient state results in the following equation (Bird et al., 2002):

dEtOt

n = (Ep —Ep)+ Wy +E. — E; ¢h)

where Ey is the total energy of the system, E, and Eg are the internal,
kinetic and potential energy rates and the liquid work that enters into
the system through surfaces Sa (entrance) and Sg (exit), respectively; Wy,
is the work done by the surroundings on the fluid by means of moving
surfaces; E, is the mechanical energy rate due to the expansion and
compression of the fluid, which is null when the fluid is assumed to be
incompressible; and Ej, is the dissipation rate of the mechanical energy
due viscous forces.

The total energy of the system is composed of the sum of Ky, (kinetic
energy) and @, (potential energy), i.e.:

Eror =Kot + Pror (3]

which each term is given by:
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where p is the specific mass, v is the magnitude of the fluid velocity, g is
the gravitational acceleration, y is the vertical coordinate and V(t) is the
volume of the domain at the instant t. The energy rates that pass through
surfaces S5 and Sg can be written as:
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where p4 and pp are the thermodynamic pressure on the surfaces A and
B, respectively.

Differently from Bird et al. (2002), in which the term Ejis only due to
the fluid viscous effect, in this study, it is composed by: ELﬂ, which is the
energy rate loss due to viscous and turbulent effects, and Ey,, which is
the energy rate loss due to the flow into the porous media.

Ey, is always positive for Newtonian fluids and it is given by

f-X 2 (5[ 5) 5] o 2

where i, j, k = 1,2,3, p is the effective dynamic viscosity and §; is the
Kronecker delta. Equation (7) is adapted to turbulent flows, in which a
Reynolds Averaged Navier-Stokes (RANS) based model is used, since g,
is the sum of the fluid viscosity (x) and the turbulent viscosity (4.), ob-
tained by using a turbulent model.

The evaluation of Ej, is carried out considering the methodology in
which the volume averaging method (Whitaker, 1999) is employed in
Navier-Stokes based models. This technique allows avoiding difficulties
imposed by the complex geometry and small scales of the porous me-
dium. It consists of using volumes whose the scale is larger than scales of
porous structures that compose the porous media (Didier and Teixeira,
2022; Teixeira and Didier, 2023). Additionally, the momentum equa-
tions are extended by Darcy (linear) and Forchheimer (quadratic
nonlinear) terms to consider the drag caused by the porous structure
(van Gent, 1995; Didier and Teixeira, 2022). Therefore, the energy rate
dissipation due to the porous media (ELP) is given by (Nield, 2002; Vafai,
2005):

ELP: / (ﬁViVi
v(t) \&

where i =1,2,3, @ and C» are permeability and inertial coefficients of the
porous medium, respectively.

In this study, the energy rate balance is applied to numerical wave
flumes, whose typical sketch is shown in Fig. 1. Navier-Stokes based
models by using the Volume of Fluid (VoF) (Hirt and Nichols, 1981)
method are considered to treat the two-phase oscillating flows. The
moving surfaces are not involved in the energy rate balance equation Eq.
(1), i.e., Wy, = 0. Basically, there are losses inside the flume due to
viscous and turbulence effects (EL,,) and the porous resistance (EL,,) in
cases of the presence of porous structures. Generally, the domain is
composed by the following boundaries:

+ % g\vlvm-) dv (€))

a) Wave maker: The velocity profiles and volume fraction are imposed
every instant according to the incident wave characteristics. There-
fore, this boundary is considered as the entrance of the energy
source, in which the energy rate E, passes through the surface Sy;

b) Bottom: It is considered impermeable and, consequently, the kine-
matic condition of non-slip condition is imposed. In isothermal flows,
this boundary does not change energy with the soil;

c) Atmosphere: The atmospheric pressure is imposed. It could be
considered as exit boundary; however, taking into account that the
air specific mass is much lower than water one and it is imposed the
atmospheric pressure, energy rate that passes through this boundary
can be neglected;

d) Flume end: The radiation wave condition is imposed. Therefore, this
boundary is considered as exit of the energy source, in which the
energy rate Ep passes through the surface Sp.

After initial transient regime, the flow reaches the stable periodic
regime and the mean time of terms of the energy rate balance equation,
Eq. (1), is applied to numerical flumes taking into account regular
incident waves. In this case, the mean time of the energy rate balance in
the time integration form is given by:
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Flume end
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Fig. 1. Sketch of a typical numerical wave flume and definition of variables for energy rate balance.
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where AE; is the time variation of the total energy of the system, E,, Eg,
and Ej are the mean energy rates along the time record duration T, = t,
— t;. Ty is equal to the wave period T when the fluid flow achieves a
stable periodic regime. Res is theoretically equal to zero but takes a small
non-zero value due to inherent uncertainties of the numerical modeling.
In this study, Eag is considered the mean energy rate imposed by the
wave maker at the beginning of the simulation, before the reflected
waves reach the wave maker; and E, is the mean energy rate on the wave
maker considering the presence of the reflected wave after the flow
stabilization. Therefore, the mean reflected energy rate due to the re-
flected wave (Eg) may be calculated by the difference between mean
energy rates E4g and E4 on the wave maker and, consequently, the mean
energy rate balance equation (Eq. (9)) can be rewrote as follows.

Epo — AEy: — Res = Eg + Ep + Epy + Ep 14

At the stable periodic regime, it is expected that Res and AE,, are
practically null; it means that the mean energy rate imposed by the
wave-maker (terms of LHS of Eq. (14)) is approximately composed by
the mean reflected energy rate (Egr), the mean energy rate due to viscous
and turbulence losses (Ef,), the mean energy rate due to porous medium
losses (Erp) and the mean energy rate Ep (terms of RHS of Eq. (14)).

3. Mathematical and numerical models

The general description of the mathematical and numerical models
used in the study cases (wave propagation in a wave flume, OWC device,
rubble-mound breakwaters) is shown in this Section. Specific charac-
teristics of each case are complemented in Sections 4, 5, and 6, and
detailed information can be obtained from the cited references of the
authors that previously studied these cases.

3.1. Governing equations

In this study, the 2D free surface flow Navier-stokes equations are
used, which are given by (Versteeg and Malalasekera, 2007):

i

67361-:0 (15)
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where i, j = 1, 2, p the specific mass, g the components of the gravita-
tional acceleration, v; the components of the velocity, p the pressure, S; a
source term. The source term depends on the case study and it can be
related to the porous zone that represents the turbine effect inside the
OWC chamber; and the porous media of rubble-mound breakwaters. 7 ;
is the viscous stress tensor and yu is the viscosity. The VoF transport
equation, Eq. (18), allows tracking the free surface.

The RANS equations are used and different turbulence models are
adopted in this study, depending on the problems to be simulated.

3.2. Numerical model characterization

The ANSYS-FLUENT® software (Ansys, 2016) is used for numerical
simulations of the 2D wave flume. In all study cases, the algorithm
SIMPLEC is used for the pressure-velocity coupling. The PRESTO!
method is used for spatial discretization of pressure, whereas the
interpolation scheme of third-order MUSCL is adopted for momentum
and turbulence. These methodologies have employed by Teixeira et al.
(2017), Didier et al. (2017), Mendonca et al. (2018), Lisboa et al. (2018),
Teixeira et al. (2020), Wiener et al. (2022) and Teixeira and Didier
(2023).

Two numerical models are used depending on the type of free surface
flow: the implicit and explicit numerical models. The implicit model is
perfectly adapted to wave propagation and wave-structure interaction
without wave breaking, whereas the explicit model is used for large
deformation of the free surface, as occurs for wave breaking and wave
overtopping of structures. The characteristics of each model are:

e The implicit model uses a second order implicit scheme for time
integration, six non-linear iterations per time step, and time step
below T/600. The HRIC method (Péric and Ferziger, 1997) is
employed for tracking the free surface (Lisboa et al., 2018; Teixeira
et al., 2020; Wiener et al., 2022). The model is adopted for wave
propagation (Section 4) and wave interaction with the OWC device
(Section 5). Under-relaxation coefficients used for the SIMPLEC al-
gorithm are equal to 1 for the momentum, pressure, density, and
VoF;

The explicit model uses a first order time integration scheme, and a
variable time step with a Courant number of 0.7. The Geo-
reconstruct scheme is used for the tracking the free surface (Didier
and Teixeira, 2022, 2023). In this work, the model is employed to
cases with rubble-mound breakwaters (Section 6). Relaxation
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parameters used in the SIMPLEC algorithm are 0.7 for the mo-
mentum, 0.3 for the pressure, and 1.0 for the density.

The turbulence model is chosen for each study case according to the
complexity of the wave-structure interaction and the objective of
minimizing the numerical dissipation induced by some turbulence
models (Larsen and Fuhrman, 2018; Didier and Teixeira, 2022, 2023).
The case of wave propagation (Section 3) quasi does not involve tur-
bulence dissipation which means that the flow is nearly potential. It is
neither recommended nor necessary to use a turbulence model, which
can generate numerical dissipation. Therefore the free surface flow is
considered laminar and the RANS equations, Egs. (15)-(17) degenerate
into Navier-Stokes equations. In the other cases of wave-structure in-
teractions, a turbulence model is required. The case of the OWC device
(Section 4) is relatively straightforward since incident waves interact
smoothly with the impermeable structure, and the k-w SST hybrid tur-
bulent/laminar model is used (Didier and Teixeira, 2023). The laminar
zone is applied to the wave propagation region of the wave flume, from
the wave maker to 10 m from the front wall of the OWC device. The case
of rubble-mound breakwaters involving complex free surface in-
teractions with the porous structure requires using the k—e NLS turbu-
lence model (Shih and Zhu, 1996), which shows higher agreement
results with experimental ones (Didier and Teixeira, 2022, 2023). Small
values of turbulence kinetic energy (k = 10~ m?/s%) and dissipation rate
(¢ = 10°° m?/s?) or specific dissipation rate (v = 1 s are imposed
following Lin and Liu (1998) and Elhanafi et al. (2016).

Although each case has its own boundary conditions, some of them
are general and applied to all cases. The non-slip condition is imposed on
the wave flume bottom. The atmospheric pressure is applied to the top
boundary of the wave flume. The numerical wave maker for the wave
generation is used at the boundary S, in which velocity components and
volume fraction are imposed at each instant. The active absorption
technique is applied to the boundary S4 and the end of the wave flume
(Sp), when necessary, to eliminate the effects of the re-reflected waves
inside the wave flume. This method was validated and applied by Didier
et al. (2017), Mendonca et al. (2018), Teixeira et al. (2020) and Teixeira
and Didier (2023) for 2D wave flumes, Lisboa et al. (2017) and Teixeira
and Didier (2021) for random waves in 2D flumes, and Teixeira et al.
(2017) and Didier and Teixeira (2024) for 3D wave tanks by means of
User Defined Functions (UDF).

The initial conditions adopted for all cases are: the free surface level
at rest, null velocity components, hydrostatic pressure on the water, and
atmospheric pressure on the air.

The computational mesh of the wave flume with a structure has at
least two main zones with different mesh characteristics: the propaga-
tion wave zone and the zone around the structure. In the former, a
structured regular mesh is used, in which the free surface is well
behaved, and the mesh must be refined around it. Mesh resolution for
accurate wave propagation is defined by 70 cells per wavelength in the
horizontal direction, with a refinement near the wave maker and wall
boundaries, and 20 cells per wave height in the vertical direction, in the
zone of variation of free surface flow defined with a height of 2H, and a
mesh stretching to the bottom and top of the flume (Mendonca et al.,
2018; Teixeira and Didier, 2021; Didier and Teixeira, 2022, 2023). In
the zone around the coastal structure, the flow can have a complex
behavior, including wave breaking and overtopping; therefore, regular
cells are recommended to have an aspect ratio close to 1 (Brown et al.,
2016; Devolver et al., 2018). In the OWC device, a structured regular
mesh around the OWC walls are used, according to Mendonca et al.
(2018), Teixeira et al. (2020) and Giiths et al. (2022). In the case of the
breakwaters an unstructured mesh using regular cells around and inside
the coastal structure is employed (Didier and Teixeira, 2022).

3.3. Monitoring

The variables that compose the balance of the energy rate are defined
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in the “custom field function calculator” tool of the ANSYS-FLUENT®
software. The energy rates, E, and Eg, are integrated on S4 and Sp
boundaries, and the terms E; and Ey, are integrated in the domain zones
during the execution process. The terms of the balance of the energy
rate, Eq. (9), are calculated in the post-process.

In all study cases, the reflect wave coefficient (Cg) is determined by
using the three-gauge method (Mansard and Funke, 1980). This method
allows calculating the reflected wave coefficient (Cg) by means of three
gauges on the flume, in which the second and third gauges are 0.1L and
0.27L from the first gauge, respectively. Some authors, such as Giiths
et al. (2022) and Teixeira and Didier (2023), calculate the relation be-
tween the mean reflected energy rate and the mean energy rate imposed
by the wave maker by using the Cg calculated by the three-gauge
method. Therefore, the relation between the mean reflected energy
rate and the one imposed by the wave maker can be considered equal to
C3.

4. Progressive and standing waves in a numerical wave flume
4.1. Study case and mathematical model

The methodology to determine the energy rate balance is firstly
applied to the progressive and standing waves, based on the second-
order Stokes wave theory (Dean and Dalrymple, 2000), in a 2D nu-
merical wave flume 10 m deep and 4L long (where L is the wavelength)
(Fig. 2). The incident regular waves with periods from 6 to 12 s every 1 s
and H = 1.5 m are imposed by means of a wave maker. In the case of the
standing waves, a slip condition is imposed on the vertical wall to the
end of the wave flume (Sg), which means that Eg is null.

In these cases, E4 and Ep of the energy rate balance equation are the
mean energy rates at the beginning (boundary S,) and the end
(boundary Sg) of the wave flume, respectively. The energy rate on the
top boundary is considered null, since it is imposed the atmospheric
pressure and the momentum of the air is insignificant in comparison to
the involved momentum of the water. The unique energy dissipation is
due to the viscous stress of the water flow (Ep,), which is considered
laminar.

In this study, Exg is the mean energy rate imposed by the wave maker
at the beginning of the simulation (from instants t = 3T-4T), E, is the
mean energy rate on the wave maker obtained by considering the
presence of the reflected wave detected by the active absorption tech-
nique after the flow stabilization, and Ep is the mean reflected energy
rate due to the reflected wave, which is obtained by the difference be-
tween Epg and E,.

4.2. Progressive wave with T = 8 s

In this Section, the time series of the free surface elevation inside the
flume (), the energy rates on the wave maker (E4) and the end
boundary (Ez) and total energy inside the flume (E;) are discussed for
the incident wave with T = 8 s, which is an intermediate period in the
range 6-12 s.

Fig. 3a shows the time series of the free surface elevation located at
2L from the wave maker. It can be observed that the free surface
elevation stabilizes in a periodic behavior after around 15 wave periods.
The wave height after stabilization is H = 1.501 m, which is almost the
same value as the incident wave height imposed on the wave maker.
This fact shows the efficiency of the active absorption technique applied
to the wave generation and the end of the flume, which allows simu-
lating a semi-infinite wave flume.

Fig. 3b and c shows the time series of the energy rates on the wave
maker (E4) and the end boundary (Ep) of the flume and the time series of
the total energy inside the flume (E,), respectively. It can be noticed in
Fig. 3b that the energy rate on the end boundary (Ep) is initially null and,
after a short duration of a transient regime, it maintains a behavior very
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Fig. 2. Computational domain of progressive and standing waves in the numerical flume.
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Fig. 3. Progressive wave with T = 8 s: Time series of (a) the free surface elevation located at 2L from the wave maker, (b) the energy rates on the wave maker (black
line) and the end boundary (red line) of the flume, and (c) the total energy inside the flume. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

similar to the one of the energy rate imposed in the wave maker (E,).
The total energy inside the flume (E), Fig. 3c, shows a transient
duration at the initial time of the wave generation and reaches a prac-
tical stability after around 900 s. This fact allows concluding that in this
case, even if the wave height in the flume stabilizes after around 15 wave
periods, the total energy inside the wave flume needs more than 100
wave periods to reach stabilization.

4.3. Standing wave with T = 8 s

In this Section, the time series of the free surface elevation (1), the
energy rates and total energy inside the flume are discussed for the
incident wave with T = 8 s. Fig. 4a shows the time series of the free
surface elevation located at 2L from the wave maker. Stabilization is
reached after around 15 wave periods, which is enough time to stabilize
the propagation along the flume of the reflected wave caused by the
vertical wall at its end. The wave height after stabilization is H = 2.959
m, which is very similar to the expected theoretical value for a fully
reflected wave in a flume with a vertical wall at its end (3.0 m).

Fig. 4b and c shows the time series of the energy rates on the wave
maker of the flume (E,) and the total energy inside the flume (E,),
respectively. Initially, E4 is imposed by the wave maker without the

effect of the active absorption technique and, thereafter, the active ab-
sorption is applied to avoid the re-reflected wave inside the flume and,
consequently, the reflected energy rate. It may be noticed that the active
absorption is activated at instant 64 s, which is before the first reflected
wave from the wall at the end of the wave flume reaches the wave
maker. This explains the increase of the energy rate at the wave maker
around this time (Fig. 4b), which reduces substantially in a few waves
before stabilizing indicating that periodic free surface flow has been
established. The total energy inside the flume (E,), Fig. 4c, shows a
transient duration since the initial of the wave generation and reaches
practical stability after around 300 s, which is higher than the stabili-
zation time of the free surface elevation.

4.4. Analysis of energy rate balance for progressive and standing waves at
periods from 6 to 12 s

In this Section, the mean energy rates of the numerical wave flume in
progressive and standing waves are discussed for the incident wave with
Tfrom6to12s.

Table 1 shows the terms of the mean energy rate balance equation,
Eq. (9), for progressive waves. Residues of the energy rate balance
equation (Res) are lower than 1.3% of the mean energy rate E4o. The
time variation of the total energy of the flume (AEy,) is very low for all
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Fig. 4. Standing wave with T = 8 s: Time series of (a) the free surface elevation located at 2L from the wave maker, (b) the energy rates on the wave maker of the

flume and (c) the total energy inside the flume.

Table 1
Mean energy rates of the numerical wave flume in progressive wave cases.
T Eao Ep Er Eg E; AEo; Res Res/
) kw/ kw/ kw/ kw/ kw/ kw/ kw/ Eao
m) m) m) m) m) m) m) (%)
6 15.91 14.65 1.26 14.44 0.00 0.00 0.21 1.3
7 18.44 17.53 0.91 17.34 0.00 0.01 0.17 0.9
8 20.40 19.93 0.47 19.76 0.00 0.00 0.16 0.8
9 21.97 21.79 0.18 21.59 0.00 0.02 0.18 0.8
10 23.31 22.71 0.60 22.56 0.00 0.00 0.15 0.6
11 24.44 24.10 0.34 23.94 0.00 —0.02 0.18 0.7
12 25.49 21.17 0.32 25.02 0.00 0.00 0.16 0.6

incident wave periods, which is insignificant in relation to E. It shows
that the periodic regime is practically stable at the record duration used
to measure the mean energy rates. The dissipation energy rate Ef is only
due to the viscous effect (Er,) and it is in order of magnitude of 103 kW/
m, which characterizes a near-potential flow, as expected. The mean
reflected energy rate Eg is low, whose highest value occurs at T = 6 s,
which represents 8% of the incident wave energy. The mean energy rate
Ep, at the end of the flume, is very similar to E4, with differences due to
the low mean reflected energy rate and numerical modeling
uncertainties.

Table 2 shows the terms of the mean energy rate balance equation for
standing waves. Residues of the energy rate balance equation are very

Table 2
Mean energy rates of the numerical wave flume in standing wave cases.

T Eao Ea Eg Ep Ep AEo, Res

low, which are lower than 1.4% from the mean energy rate imposed by
the wave maker Ejo. The time variation of the total energy inside the
flume (AE,,) is also very low, which shows that the flow is periodically
stable at the record duration used to calculate the terms of the energy
rate balance equation. The dissipation energy rate (Ez,) is in the order of
the magnitude of 10~3 kW/m, since the flow is laminar with a low level
of dissipation in this case. In this case, Ep is null because at the boundary
Sp there is a vertical wall. Eg is almost equal to E4o, which represents the
presence of a standing wave in the flume.

Table 3 shows the relation between the mean reflected wave energy
rate and the mean energy rate imposed on the wave maker by using the
energy rate balance methodology (Er/Ea¢) and the three-gauge method
(C3) for progressive and standing wave cases, considering the first gauge
at 2L from the wave maker. In the case of the progressive waves, the
theoretical value of reference is null. Values obtained by both methods
are very low. However, the higher differences between them are
observed at lower wave periods, probably because of the effect of the
active absorption technique, which is based on the wave propagation in
shallow water condition. Therefore, this hypothesis can cause more
uncertainties for wave propagation with low wave periods.

In the case of the standing waves, the theoretical expected value is 1.
Both methodologies presented values from 0.99 to 1.01 and, therefore,
very good agreement is observed. It may be emphasized that, different

Table 3

Mean reflected wave energy rate in relation to the mean energy rate imposed on
the wave maker by using the energy rate balance methodology (Er/Eao) and the
three-gauge method (C3) for progressive and standing wave cases.

) W/ W/ KW/ KW/ W/ W/ (kW/  Ea T Progressive waves Standing waves
m) m) m) m) m) m) m) (%) Er/Eno Ci Er/Eno Ck
6 15.91 0.11 15.80 0.00 0.00 0.00 0.12 0.7 6 0.08 0.02 0.99 1.01
7 18.44 0.06 18.38 0.00 0.00 0.00 0.06 0.4 7 0.05 0.01 1.00 1.00
8 20.40 0.00 20.40 0.00 0.00 0.00 0.00 0.0 8 0.02 0.01 1.00 1.00
9 21.97 0.04 21.93 0.00 0.00 0.02 0.02 0.1 9 0.01 0.00 1.00 1.00
10 23.31 0.09 23.22 0.00 0.00 0.00 0.08 0.4 10 0.03 0.01 1.00 1.00
11 24.44 0.20 24.24 0.00 0.00 0.02 0.18 0.8 11 0.01 0.01 0.99 1.00
12 25.49 0.37 25.12 0.00 0.00 0.00 0.36 1.4 12 0.01 0.01 0.99 0.99
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from flumes used for progressive waves, the wave maker boundary is
unique responsible for eliminating the reflected wave, once at the end of
the flume there is a vertical wall. Therefore, uncertainties caused by the
active absorption technique for waves with low periods are minimized.

5. Numerical wave flume with an onshore OWC-WEC
5.1. Study case and mathematical model

Investigation of incident regular waves with periods T = 6, 7, 8, 9,
10,11, 12 s and height H = 1.5 m in a wave flume with an onshore OWC
on its end is carried out. The 2D wave flume, Fig. 5, is 10 m deep and 4L
long up to the front wall of the OWC device. The OWC chamber is 10 m
long and 10 m wide, with the front wall 0.5 m thick and the submer-
gence depth of 2.5 m. The device is equipped with a Wells turbine whose
characteristic relation, k;, is 100 Pa s m~°. This layout has previously
adopted by Teixeira and Didier (2021), Giiths et al. (2022) and Teixeira
and Didier (2023).

A porous zone located in two layers of cells adjacent to the top
boundary Sg is considered, to take into account the effect of the Wells
turbine damping, by using source terms S; of the momentum equations,
Eqg. (16). S; and the time mean pneumatic power (P, available to the
Wells turbine are detailed in Giiths et al. (2022).

5.2. Energy rate balance equation applied to the onshore OWC device

In this specific study, the system is composed of the wave flume and
the OWC device. The mean energy rate balance equation, Eq. (9),
applied to the system, results in following terms:

a) E, isthe mean energy rate measured at the wave maker boundary Sy,
which is composed of the mean energy rate imposed to the wave
maker boundary due to the incident wave (E4o) deducted from the
mean reflected wave energy rate (Eg), due to the presence of the
OWC device at the end of the wave flume. This composition is
directly considered in the numerical model by means of the use of the
active absorption technique.

b) Ejpisthe mean energy rate that passes through the top boundary Sp of
the OWC air chamber, in which the atmospheric pressure is imposed.
The energy rate on the top boundary of the wave flume is considered
neglected.

¢) Ep is composed of:

i The mean energy rate losses due to the fluid viscosity and turbu-
lence effects (Ep,), which are composed of mean energy rate losses
in the propagation region (laminar flow) (Ez,;) and region around
the front wall and inside the chamber of OWC (E,), and;

ii The mean energy rate losses due to the porous zone that represents
the damping of the turbine on the air OWC chamber (Ey,,), which is
calculated by means of Eq. (13), considering C> = 0 in Eq. (8) (ELI,)
for a Wells turbine. This is the same value of the time mean
pneumatic power (Py), obtained by means of Eq. (20).

Turbine
Atmosphere OB

Wall

Bottom

4L 10 m
0.5m

Fig. 5. Computational domain for the onshore OWC in numerical wave flume.
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5.3. Detailed analysis for the incident wave with T = 8 s

Fig. 6 shows the time series of the mean free surface elevation inside
the OWC chamber and the mean air pressure inside the air chamber for
the incident wave with T = 8 s and H = 1.5m. After the transient regime
until around 160 s (20T), the periodic stable behavior of the interaction
between the incident wave and the OWC is reached.

Fig. 7 shows the time series of the energy rate imposed by the wave
maker (E,), energy rate losses due to viscosity and turbulence effects
(EL,‘), energy rate losses due to the porous medium that, in this case,

represents the damping of the turbine (ELP), and the total energy inside
the system (Eyp. It can be observed that all variables show a stable
periodic behavior at the end of the record. Besides, after around 60 s
(approximately 8T), there is some variation of E4, due to the presence of
the reflected wave energy on the wave maker boundary. This phenom-
enon also affects the behavior of the other variables (Ey,, Er, and Egp).
The stabilization of the total energy inside the system, Fig. 9d, occurs at
the end of the record, which is about 600 s (75T).

Fig. 8 shows the contour of the velocity magnitude and streamlines,
and the energy rate losses due to the viscous and turbulence effects (EL,‘).
t = 0 is the instant when the zero up-crossing of the mean free surface
inside the OWC chamber occurs and the flow enters inside the chamber;
the velocity magnitude is higher around the submerged corner of the lip
and it is lower around the corner between the back wall of the chamber
and the bottom; it causes a high concentration of the energy rate losses
around the submerged corner of the lip and, with less intensity, at the
external part of the frontal wall of the chamber near the free surface. At t
= T/4, the free surface elevation inside the chamber is practically the
maximum one and, consequently, the velocity magnitude of the water
inside the chamber is very low; however, it is observed a flow rotation
around the internal part of the frontal wall, that contributes to increase
the energy rate losses in this region. t = T/2 is the instant when the zero
down-crossing of the mean free surface inside the chamber occurs and
the water flows out of the chamber; in a region below the submerged
corner of the lip, the velocity magnitude is higher, which causes the
increase of the energy rate losses. At t = 3T/4, the free surface inside the
chamber is practically the minimum one and, similarly to the instant t =
T/4, velocity magnitude inside the chamber is very low; it is observed a
concentration of moderate intensity of the energy rate losses outside the
chamber below the corner of the lip, because of some flow rotation in
this zone.

Fig. 9 shows the contour of the time average of the energy rate losses
per volume due to the viscous and turbulence effects. It can be observed
that the effect of the turbulence is very significant and concentrated
around the lip of the front wall of the chamber. This is an expected
result, since it is the zone where higher velocity gradients occur in the
flow, due to the periodic water transfer between the outside and inside
the device.

5.4. Analysis of energy rate balance for incident waves at periods from 6
to12s

In this Section, terms of the mean energy rate balance are determined
for the flume with the onshore OWC device, considering incident regular
waves with periods from 6 to 12 s and wave height of 1.5 m. The mean
energy quantities that compound terms of the energy balance are shown
in Table 4. Residues (Res) of all cases are lower than 3.4% of the mean
energy rate imposed by the wave maker (E4(). The highest values of Res
occur at the lowest wave periods, probably due to the uncertainties
caused by the hypothesis of the shallow water condition considered in
the active absorption technique imposed on the wave maker boundary,
as observed previously in Section 4 for progressive waves in wave flume.
The time variation of the total energy inside the flume (AE,) is very low
(practically null), which shows that the variables of the flow are stabi-
lized in the recording interval and all quantities are well estimated. In all
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Fig. 6. Time series of (a) the mean free surface elevation inside the chamber and (b) the mean air pressure in the OWC air chamber.

80
60
40 ;

15:, (kW/m)

L Al A

100 150 400 450 500 550 600 650
1me S

~
o
=

£, (kW/m)
N W s

0 50 100 150 200 250 300 350 400 450 500 550 600 650
time (s)
30

22 A

() time (s)

-143050

E -143075
=

= -143100

L -143125

-143150

(C))

~
=
~

50
40

£, (kW/m)

0 50 100 150 200 250 300 350 400 450 500 550 600 650
time (s)

Fig. 7. Time series of (a) energy rate imposed by the wave maker (E4), (b) energy rate losses due to viscosity and turbulence effects (Ey,), (c) energy rate losses due to
the damping of the turbine (ELP), and (d) the total energy inside the system (E,).

cases, Eg, which represents the mean energy rate that passes by the top
of the air chamber, is practically null (in the order of magnitude of 10~*
kW/m), because at the boundary Sg is imposed the atmospheric pres-
sure. The mean energy rate losses due to viscous and turbulence effects
in the wave propagation region of the flume is practically null. It is
because the hybrid turbulent k-w SST/laminar model is used, which
means that a laminar flow is applied to the wave propagation region of
the flume. Therefore, Er,, shown in Table 4, corresponds to the contri-
bution of the zone around and inside the OWC device. It can be noted
that Ey, is around 1.00 kW/m and it does not vary significantly with the
wave period. E;p, which is calculated by considering the porous medium

inside the air chamber, corresponds to the pneumatic power which
passes by the Wells turbine and it is the highest term of the energy rate
balance, as expected. The maximum value Ep occurs around T = 9 s,
which corresponds to the maximum pneumatic power defined by pre-
vious study of Giiths et al. (2022) for similar conditions. Eg increases
with the wave period, which indicates that wave reflection in the flume
increases.

The mean reflected energy rate in relation to the mean energy rate
imposed by the wave maker (Eg/Eap) can be compared with the square
reflected wave coefficient (C3) obtained by the three-gauge method,
using the first gauge at 2L from the wave maker. Fig. 10a shows Er/Exg
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Fig. 8. Contours of (a) the velocity magnitude and streamlines and (b) energy rate losses due to the viscous and turbulence effects for the incident wave with T=8s

and H = 1.5 m at four instants.
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Fig. 9. Contour of the time average of the energy rate losses per volume due to
the viscous and turbulence effects for the incident wave with T =8 s and H =
1.5 m.

and C3 for the range of wave periods from 6 to 12 s. It can be noticed
that, although the Er/E, is systematically higher than C;zz, they have the
same behavior, i.e., they maintain similar values from T = 6-7 s and,
above this, increase with the wave period. Differences between Egr/Eao
and C3 are from 0.04 to 0.08 along the wave period range. The highest
perceptual difference occurs at T = 6 s (50%) and the lowest one is at T
=125(11%). It is important emphasizing that the three-gauge method is
based on the Fourier analysis of signs of the free surface elevations and,
consequently, it is expected that some complex wave behaviors are not
captured, which can explain the differences observed. Moreover, there is
the influence of uncertainties caused by the use of the active absorption
technique on the wave maker, as already mentioned in previous cases of
propagation and standing waves in a flume.

Another contribution of this analysis is to determine directly the
quantity of each type of the mean energy rate of the process, by using the
approximated formulation of the mean energy rate balance, Eq. (14),
applied to a stable periodic regime. It is noticed that the mean energy
rate Ep is practically null in all cases and, consequently, in the above
composition this term is not computed. Fig. 10b shows percentages of
the quantities %Eg, %Er, and %E, in relation to the mean energy rate
imposed by the wave maker (E4(). Behaviors of curves obtained by the
present methodology show that %Ej, is lower than the other quantities
and varies from 6.8% (T = 7 s) to 3.6% (T = 12 s). The maximum value
of %Ep), is 80.8% at T = 8 s and the minimum one is 58.6% at T=12s. It

Table 4
Mean energy rates of the OWC device for incident wave period from 6 to 12 s.
T (s) Epp (kW/m) Ea (KW/m) Er (kW/m) Ep (kW/m) Ep, (kW/m) Epp (kW/m) AE;o; (kW/m) Res (kW/m) Res/Eao (%)
6 15.86 13.88 1.96 0.00 0.85 12.43 0.04 0.54 3.4
7 18.42 16.42 2.00 0.00 1.26 14.64 0.02 0.50 2.7
8 20.34 17.86 2.48 0.00 1.07 16.43 0.00 0.36 1.8
9 21.89 18.04 3.85 0.00 0.98 16.79 0.02 0.26 1.2
10 23.20 17.04 6.17 0.00 0.92 16.00 0.03 0.08 0.4
11 24.48 16.96 7.52 0.00 1.27 15.37 0.04 0.28 1.1
12 25.36 15.97 9.39 0.00 0.91 14.85 0.00 0.23 0.9
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Fig. 10. (a) The mean reflected energy rate in relation to the mean energy rate imposed by the wave maker along the wave period by means of the proposal
methodology (Eg/Eao) and the three-gauge method (C3). (b) Percentage of the mean energy rates along the wave period for the OWGC device.

is important emphasizing that the reduction of %Ey, with the wave
period is synchronized with the increase of reflected wave by the OWC
device, while the viscous and turbulence dissipation is maintained with
little variation.

6. Wave over porous rubble-mound breakwaters
6.1. Study cases and mathematical models

In this study, two cases are analyzed: the wave over a porous low-
crested rubble-mound breakwater, and the wave overtopping a rubble-
mound breakwater. The former consists of a low-crested rub-
ble-mound multilayered breakwater subject to incident regular waves,
whose numerical analyses were previously carried out by Garcia et al.
(2004) and Didier and Teixeira (2022). Fig. 11 shows the computational
domain, in which the low-crested structure is positioned in the middle of
the 8L long wave flume. The low-crested structure is composed of one
armour layer (AL) and the core (CO), in which the hydraulic properties
are shown in Didier and Teixeira (2022). Two incident regular waves,
with T=1.6 s, H= 0.07 m and H = 0.10 m are analyzed.

The second case consists of a rubble-mound breakwater subject to
incident regular wave with T = 6 s and H = 0.25 m in a wave flume and
wave overtopping, previously investigated by Losada et al. (2008) and
Didier and Teixeira (2022), are carried out. Fig. 12 shows the compu-
tational domain, in which the rubble-mound breakwater with an
impermeable caisson is founded on a horizontal bottom. The foundation
is composed of a gravel core (CO) and intermediate (IL) and external
(EL) layers, whose hydraulic properties are shown in Didier and Teixeira
(2022). In both cases, the porous media, composed of armour layers and
a core for rubble-mound breakwaters, are modeled by means of source
terms S; in the momentum equations, Eq. (16), according to Didier and
Teixeira (2022).

Atmosphere

6.2. Energy rate balance equation applied to porous rubble-mound
breakwaters

The wave flume with a porous rubble-mound breakwater composes
the system, whose sketch is shown in Fig. 13. The boundaries of the
system are: the wave maker for wave generation (S4), including active
absorption; the end of the wave flume (Sg), in which the active ab-
sorption technique is applied to simulate a semi-infinite wave flume; the
atmosphere; and the bottom (Fig. 13). The mean energy rate balance
equation, Eq. (9), applied to the system, results in the following terms:

a) E, is the mean energy rate measured at the wave maker boundary Sa,
which is composed of the mean energy rate imposed to the wave
maker boundary due to the incident wave (E4o) deducted from the
mean reflected wave energy rate (Eg);

b) Ejp is the mean energy rate that passes through the end boundary of
the wave flume Sg;

c) E; is composed of:

i The mean energy rate losses due to the fluid viscosity and turbu-
lence effects (Ey,), and;

ii The mean energy rate losses due to the porous rubble-mound
breakwater that represents the damping of the transmitted water
flow inside the medium (Ey,), which is calculated by means of Eq.
(13).

The mean reflected wave energy rate in relation to the mean incident
wave energy rate (Er/Eag) is compared with the reflected wave coeffi-
cient squared (C;zz), obtained by means of the three-gauge method, in
which gauges are distant from the wave maker of 2L, 2.1L and 2.27L.
Moreover, the mean transmitted wave energy rate in relation to the
mean incident wave energy rate (Ep/Eap) is compared with the trans-
mitted coefficient squared (C?), also obtained by the three-gauge
method, in which gauges are located at the shoreward region, with
the same distances from the breakwater as those of gauges used for
measure the reflected wave have from the wave maker.
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Fig. 11. Computational domain of the low-crested rubble-mound breakwater (Didier and Teixeira, 2022).
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Fig. 12. Computational domain of the rubble-mound breakwater.
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Fig. 13. Sketch of the computational domain for porous rubble-mound breakwater in a wave flume and variables of the energy rate balance.

6.3. Wave over a porous low-crested rubble-mound breakwater

Fig. 14 shows time series of the energy rate imposed by the wave
maker (E,) and at the end of the flume (Eg), the energy rate losses due to
the viscosity and the turbulence effects at the flume (ELﬂf) and inside the
breakwater (EL,,;,), the energy rate losses due to the resistances of the
porous media (ELP), and the total energy inside the numerical flume (E,)
for the incident wave with T = 1.6 s and H = 0.07 m. The time series of
the energy rate imposed by the wave maker (E4) stabilizes after initial
little variations. The energy rate (Ep) at the end boundary of the flume
(Sp), located shoreward side of the breakwater, corresponds to the
transmitted wave energy rate. It has a much lower magnitude than E,
due to the effect of the breakwater, which transforms the incident wave
imposed by the wave maker. The energy rate due to viscous and tur-
bulence losses (ELﬂf) in the flume corresponds to that out of the break-
water region and it is about 102 order of magnitude higher than Epw,
which corresponds to the one inside the breakwater. It is also observed
some variability of E"L,‘f along the time caused by the wave breaking
above the submerged rubble-mound breakwater. The time series of the
energy rate due to the resistance of the porous media (ELP) are shown in
Fig. 14c. They are composed of the linear (ELpl) and quadratic (ELpz)
terms, according to Eq. (8) for the armour layer (AL) and the core (CO).
The quadratic term of the armour layer has the highest magnitude and
both linear and quadratic terms of the core represent low resistances.
The time variation of the total energy inside the numerical flume (E,),
Fig. 14d, shows that stabilization is obtained after around 20 s.

Fig. 15 shows contours of the velocity magnitude, the energy rate per
volume due to the viscous and turbulence losses and the dissipation in
the porous zones of the submerged breakwater for T = 1.6 s and H =
0.07 m at four instants. It can be noticed that the energy rate per volume
due to the viscous and turbulence losses is more intense above the
submerged breakwater in the wave breaking region, whereas it is almost
insignificant inside the porous zones. The dissipation due to the porous

11

resistance inside the breakwater has more intensity in regions where the
velocity magnitude is higher. It shows a higher energy rate per volume
than the one due to viscous and turbulence effects. Besides, the armour
layer has higher values of the energy rate per volume due to porous
resistance, as expected in practical situations.

Fig. 16 shows the contour of the mean energy rate per volume due to
the viscous and turbulence losses and the dissipation in the porous zones
of the submerged breakwater for T = 1.6 s and H = 0.07 m. It can be
noticed that the energy rate per volume due to the viscous and turbu-
lence losses is more intense above the submerged breakwater (wave
breaking region), whereas it is almost insignificant inside the porous
zones. However, the dissipation due to the porous resistance inside the
breakwater shows a higher mean energy rate per volume than the one
due to viscous and turbulence effects. Besides, the seaward region of the
armour layer is the one with the highest values of the mean energy rate
per volume due to porous resistance, since this zone of the submerged
breakwater is exposed to the incident wave and high velocity
magnitudes.

Fig. 17 shows contours of the velocity magnitude, the energy rate per
volume due to the viscous and turbulence losses and the dissipation in
the porous zones of the submerged breakwater for T = 1.6 s and H =
0.10 m at four instants. It is observed similar spatial distributions of both
variables in relation to those noticed for an incident wave with H = 0.07
m because wave breaking occurs more or less in the same zone above
and slightly after the submerged breakwater. However, the intensity of
the energy rate above the breakwater due to viscous and turbulence
losses is much higher, which is probably due to a higher energy wave
breaking induced by the higher wave height. The spatial distribution of
the intensity of the energy rate due to porous resistance follows regions
where the velocity magnitude is higher, and it is more intense in the
armour layer and seaward region of the submerged breakwater.

Fig. 18 shows the contour of the mean energy rate per volume due to
the viscous and turbulence losses and the dissipation in the porous zones
of the submerged breakwater for T=1.6 s and H = 0.10 m. It is observed
similar spatial distributions of both variables in relation to those noticed
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Fig. 14. Low-crested rubble-mound breakwater for the incident wave with T = 1.6 s and H = 0.07 m: (a) the energy rate imposed by the wave maker and at the end
of the flume, (b) the energy rate due to the viscosity and the turbulence losses, (c) the energy rate due to the resistances of the porous media, and (d) the total energy
inside the numerical flume.
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Fig. 15. Contours of the velocity magnitude (first column), the energy rate per volume due to the viscous and turbulence losses (second column) and the dissipation
in the porous zones per volume (third column) of the submerged breakwater for T = 1.6 s and H = 0.07 m.
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Fig. 16. Contour of the mean energy rate per volume for T = 1.6 s and H = 0.07 m due to the (a) viscous and turbulence losses and (b) the dissipation in the porous

zones per volume of the submerged breakwater.
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Fig. 17. Contours of the velocity magnitude (first column), the energy rate per volume due to the viscous and turbulence losses (second column) and the dissipation
in the porous zones per volume (third column) of the submerged breakwater for T = 1.6 s and H = 0.10 m.
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Fig. 18. Contour of the mean energy rate per volume for T = 1.6 s and H = 0.10 m due to the (a) viscous and turbulence losses and (b) the dissipation in the porous

zones of the submerged breakwater.

for an incident wave with H = 0.07 m. However, the intensity of the
energy rate above the breakwater due to viscous and turbulence losses is
much higher and occurs slightly after the submerged breakwater,
probably because of the higher energy wave breaking. Moreover, the
intensity of the energy rate due to viscous and turbulence losses in the
core is very small compared to that caused by the porous resistance.
Table 5 shows mean energy rates for the low-crested rubble-mound
breakwater case. Residues of both cases are very low, although it is more
significant for H = 0.07 m. It can be noticed that the mean energy rate

Table 5
Mean energy rates for the low-crested rubble-mound breakwater.

inside the flume (AE,,) in both cases is very low in relation to the mean
energy rate of the incident wave imposed by the wave maker (Eyp).
Moreover, the mean energy rate due to viscous and turbulence losses
(Er,) in the case H = 0.10 m is higher than the one in the case H = 0.07
m, which is probably due to a stronger energetic wave breaking above
the submerged breakwater, as observed previously. The mean energy
rate due to the porous zones inside the armour layer, Ejpcar), is around
70% of the mean energy rate (Ep,) in both cases, which means that a
large part of dissipation that occurs in the submerged breakwater is due

T (s) H (m) Exo (W/m) E; (W/m) Eg (W/m) Eg (W/m) Ep,s (W/m) Ep,p (W/m) Erpcar) Erpccoy AE, (W/m) Res (W/m) Res/Epo (%)
(W/m) (W/m)

1.6 0.07 8.63 8.26 0.37 0.67 1.67 0.02 4.03 1.67 0.02 0.18 2.1

1.6 0.10 17.57 15.99 1.58 1.58 5.43 0.09 6.17 2.49 0.38 -0.15 —-0.9
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to the external layer.

The relation between the mean reflected energy rate and the mean
energy rate imposed by the wave maker (Er/Exp) is 0.04 for H = 0.07 m,
whereas it is obtained a similar value, C;zg = 0.03, by using the three-
gauge method. In the case of H = 0.10 m, Eg/E4g is 0.09 and C} =
0.03, which indicates some differences, although both values are low.
The relation between the mean transmitted energy rate and the mean
energy rate imposed by the wave maker (Eg/E4¢) is 0.08 and 0.09 for H
= 0.07 and 0.10 m, respectively, whereas C% = 0.08 for both cases by
using the three-gauge method, which shows a very good agreement.

The mean incident wave energy rate (Ep) is composed of each type
of mean energy rate of the system in a stable periodic regime, as
formulated in Eq. (14). In these study cases, the mean energy rates re-
flected by the submerged breakwater (Eg) are 4.4 and 9.1% of the mean
incident wave energy rate, for H = 0.07 and 0.10 m, respectively. The
mean energy rates transmitted after the breakwater (Ep) are 7.9 and
9.1%, respectively. The dissipation of the mean energy rates has con-
tributions of the breakwater (Ep,; + Erp), which corresponds to
approximately 67.9 and 50.5% of the mean incident wave energy rate,
for H = 0.07 and 0.10 m, respectively; and the viscous and turbulence
dissipations of the fluid out of the breakwater, mainly due to the wave
breaking (E,), that are 19.8 and 31.3%, respectively. Therefore, this
analysis allows understanding in detail the influence of each phenom-
enon on the mean transmitted energy rate due to the presence of the
submerged breakwater on the flume.

Ocean Engineering 321 (2025) 120345

6.4. Wave overtopping a rubble-mound breakwater

Fig. 19 shows the time series of the energy rate imposed by the wave
maker (E4) and at the end of the flume (Eg), the energy rate losses due to
the viscosity and the turbulence effects (E"L,,), the energy rate losses due
to the resistances of the porous media (ELP), and the total energy inside
the numerical wave flume (E,). The time series of the energy rate
imposed by the wave maker (E,) stabilizes after initial little variations.
The energy rate at the end boundary of the flume (Eg) has a much lower
magnitude than E4 due to the presence of the breakwater, which filters
the incident wave, causing a decrease in the transmitted energy rate. The
energy rate due to viscous and turbulence losses in the flume (ELM:) is
about 10! order of magnitude higher than EL,,b, which corresponds to the

one inside the breakwater. Ey,, inside the breakwater core is much higher
than those of external and intermediate layers as observed in Fig. 19c.
The time variation of the total energy inside the numerical flume (E,),
Fig. 19d, shows that there is stabilization after around 140 s.

Fig. 20 shows contours of the velocity magnitude, the energy rate per
volume due to the viscous and turbulence losses and the dissipation in
the porous zones of the breakwater at four instants, in which the crest of
the incident wave is propagating along the breakwater until the over-
topping at the impermeable caisson. It can be noticed that the energy
rate per volume due to the viscous and turbulence losses is more intense
around the wave breaking region, above and after the impermeable
caisson, and inside the external armour layer, especially at the seaward
side. However, it is almost insignificant inside the internal porous zones,

time (s)
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Fig. 19. Rubble-mound breakwater: Time series of (a) energy rate imposed by the wave maker and at the end of the flume, (b) energy rate due to the viscosity and
the turbulence losses, (c) energy rate due to the resistances of the porous media, and (d) total energy inside the numerical flume.
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t=T/6
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Fig. 20. Contours of the velocity magnitude in m/s (first column), the energy rate per volume due to the viscous and turbulence losses (second column) and the
dissipation in the porous zones per volume in W/m?> (third column) of the rubble-mound breakwater.

i.e., in the intermediate layer and the core. The dissipation due to the
porous resistance has a higher energy rate per volume than the one due
to viscous and turbulence effects. The energy rate per volume due to
porous resistance inside the breakwater has more intensity in the
external layer. However, a significant dissipation is also observed in the
gravel core.

Fig. 21 shows the contour of the mean energy rate per volume due to
the viscous and turbulence losses and the dissipation in the porous zones
of the breakwater. The energy rate per volume due to the viscous and
turbulence losses is more intense around the free surface shoreward, due
to the wave overtopping and the water jet induced above the imper-
meable caisson, which causes a complex mixture flow interaction in the
free surface shoreward. However, it is almost insignificant inside the
porous zones. The external and intermediate layers have the highest
values of the mean energy rate per volume due to porous resistance,
since they are directly subjected to the wave impact. There are signifi-
cant values at the gravel core, mainly at the seaward region.

Table 6 shows the mean energy rates. The time variation of the total
energy inside the flume (AE;,,) is about 0.3% of the incident wave energy
rate imposed by the wave maker (E4o), which represents a practical
stabilization. The residue is very low in relation to the incident wave
energy rate (around 1.3% of E,p), indicating that the proposal meth-
odology is adequate. The mean energy rate due to viscous and turbulent
losses (Er,) has the same order of magnitude as the total mean energy
rate due to porous media (Ezp). The mean energy rate due to porous
media in the core is higher than the ones in the layers, because of its
higher volume. However, even with much less volume, the external
layer presents a significant value of this type of the mean energy rate,
since this region is subject to the direct impact of the wave and the wave
overtopping phenomenon on the seaward and shoreward side of the
breakwater, respectively.

« HINEEEN |

1 4 71013161922252831343740 W/m’

The relation between the mean reflected energy rate and the mean
energy rate imposed by the wave maker (Eg/E4o) is 0.30, whereas C& =
0.42, by using the three-gauge method. The mean energy rate trans-
mission (Ep) is low in this case, which corresponds to Ep/Es¢ of about
0.06; C2 obtained by the three-gauge method is 0.04.

In this case, the mean energy rate reflected by the breakwater (Eg) is
29.2% of the mean incident wave energy rate and the mean transmitted
energy rate (Eg) is 5.6%. The dissipation of the mean energy rate of the
breakwater (Ep,p + Erp) is 38.0% of the mean incident wave energy rate.
The viscous and turbulence dissipation of the fluid out of the breakwater
(Er,p) is 27.2% and, therefore, it corresponds to a significant contribu-
tion to the damping effect of the wave due to the presence of the
breakwater.

7. Conclusion

In this study, a novel methodology is developed to evaluate the en-
ergy rate balance of coastal engineering systems by means of RANS-
based numerical models. Energy rates due to viscosity, turbulence and
porous medium losses are evaluated directly in cases of incident regular
waves in numerical flumes. The mean energy rate balance equation of
the system is verified with very low residue, which confirms the correct
numerical calculation of the various quantities.

The methodology was applied in different systems, which represent
typical coastal engineering problems: progressive and standing waves in
a numerical flume; regular waves over an onshore OWC device; regular
waves over a low-crested rubble-mound breakwater; and wave over-
topping of a rubble-mound breakwater.

The proposal methodology allows quantifying each type of energy of
the system, which is very important to the system design. A good
contribution is the direct determination of the mean reflected and

(b)

BN T 09090 ;.
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Fig. 21. Contour of the mean energy rate per volume due to the (a) viscous and turbulence losses and (b) the dissipation in the porous zones of the rubble-

mound breakwater.
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Table 6
Mean energy rates for the rubble-mound breakwater.
T(s)  Enp(W/ Eq (W/ Er (W/ Es(W/  Euy(W/  Epw(W/  Epm W/ Epn (W/ Epeo (W/ AE (W/  Res (W/ Res/Eng
m) m) m) m) m) m) m) m) m) m) m) (%)
6 151.35 106.66 44.69 8.61 41.52 4.55 20.73 7.49 25.28 0.38 -1.90 -1.3

transmitted energy rates that occur in a numerical flume due to the
presence of a coastal structure. This technique was compared to the
standard methodology named the three-gauge method, which is based
on the calculation of the reflected coefficient by means of three gauges
located in different positions on the flume. It was observed that, in
certain cases, values are in good agreement, but some differences were
found in other cases. Probably because the three-gauge method is based
on the Fourier analysis of signs of the free surface elevations, in which
some complex wave behaviors are not captured. Therefore, the proposed
method is a very good option to obtain numerically de reflected and the
transmitted wave energy rates inside the flume.

Another contribution is the evaluation of the mean energy rate due to
viscous and turbulence losses in the system. The methodology allows
determining the spatial distribution of this quantity and, consequently,
observing which region has the highest energy dissipation. In the case of
the onshore OWC device, the standard techniques calculate the mean
energy dissipation by considering that it is the difference between the
theoretical energy imposed by the wave maker and reflected and energy
losses due to the air turbine installed in the chamber. Therefore, in the
case of standard techniques, the mean energy rate due to viscous and
turbulence losses is not determined directly, differently of the proposal
methodology. Besides, in the case of the onshore OWC device, it was
noticed accurately the region where the turbulence dissipation has the
highest intensity, allowing designers study different geometrical con-
figurations to have better device efficiency. It may be emphasized that
the present methodology can be applied to different types of wave en-
ergy converters.

The direct evaluation of the mean energy rate due to the flow
resistance of porous media is another important contribution of the
present methodology. It allows, for example, determining the energy
rate dissipation of each layer of a rubble-mound breakwater, providing
important information to coastal design engineers.

The low order of the numerical uncertainties, measured based on the
residue of the rate energy balance applied to the study cases, show that
the proposed methodology has adequate accuracy. It can be applied to
any type of coastal engineering system by using numerical models based
on the Navier-Stokes equations. The main contribution of the technique
is to allow a better understanding of the physical processes of wave-
structure interactions and, consequently, it may be a useful tool to be
applied to design coastal and harbor structures and wave energy con-
verter devices. Complement studies may be carried out for random
incident waves and the methodology can be applied to 3D wave tanks.
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