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a b s t r a c t

This paper attempts to combine the pneumatic breakwater and submerged breakwater to increase the
effectiveness of wave damping for long-period waves. A series of physical experiments concerning
pneumatic breakwater, submerged breakwater and their joint breakwater was conducted and used to
validate a mathematical model based on Reynolds-averaged Navier-Stokes equations, the RNG k-ε tur-
bulence model and the VOF method. In addition, the mathematical model was used to investigate the
wave transmission coefficients of three breakwaters. The nonlinear wave propagation behaviors and the
energy transfer from lower frequencies to higher frequencies after the submerged breakwater were
investigated in detail. Furthermore, an optimal arrangement between pneumatic breakwater and sub-
merged breakwater was obtained for damping longer-period waves that cannot be damped effectively by
the pneumatic breakwater alone. In addition, the reason for the appearance of the combination effect is
that part of the energy of the transmitted waves over the submerged breakwater transfers to shorter-
period waves. Finally, the impact of the joint breakwater on the wave field during wave propagation
process was investigated.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Breakwaters are typical structures designed to protect harbors
and coastal areas against wave attack. There are several types of
breakwaters applied in a coastal zone. Most of them are heavy and
expensive constructions, and the cost of breakwaters increases
with increasing water depth and wave climate severity. An attrac-
tive alternative to traditional breakwaters is Pneumatic Breakwater
(PB). Compressed air is produced to transport to the perforated pipe
found on the sea bottom, and air bubbles are released through pipe
holes and rise to form a vertical aerial barrier; its application leads
to wave energy dissipation and reduces the transmitted wave
height. PB has several advantages in comparison to traditional
breakwaters, such asmobility, temporality, short construction time,
low construction cost and less environmental impact (Paprota and
Sulisz, 2017). The idea to construct an aerial barrier as a breakwater
was proposed to protect civil engineering works for the first time
by Brasher (1907). Since then, this method has been successfully
applied to protect the Standard Oil Company pier situated in El

Segundo in California against wave action (Evans, 1955). Further-
more, Evans (1955) also conducted experiments to study the water
jet effect on wave energy dissipation. The mean velocity of the
opposing surface current necessary for complete damping was
found to be proportional to the square root of the wavelength. The
results were similar to theoretical study performed by Taylor
(1955). Bulson (1961) pointed out that the surface current pro-
duced by the air bubble motion is the main mechanism of wave
dissipation in the PB system, and empirical formulas were pre-
sented for the surface current velocity and its thickness, as well as
the required air discharge. A series of experiments was conducted
for three different physical model scales (1:10, 1:15, 1:30) in a wave
flume, and a similarity law for the air amount was derived to
generate a wave damping barrier (Wang et al., 2004). Furthermore,
Zhang et al. (2010) carried out a preliminary study of the wave
damping performance caused by the PB, and the effects of air
amount and incident wave period were explored. Despite the
obvious benefits, PB remains an interesting scientific subject rather
than a widely used maritime engineering in practice. This is mainly
caused by the high power demands of the air compressors needed
to provide sufficient air amounts, and the vortex-induced vibration
and scour due to extreme sea climate can cause considerable
damage to the pipeline laid on seabed. In addition, the pipeline
holes are easily blocked by algae or sediments etc., and are readily
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corroded by seawater, which are extremely difficult to maintain or
replaced. Furthermore, the low efficiency of aerial barriers in
damping longer-period waves is another important drawback of
the solution (Paprota, 2013; Paprota and Sulisz, 2017). Therefore,
how to improve the wave-damping effect of PB for long-period
waves has become an urgent issue, and the purpose of the pre-
sent paper is to improve the wave-damping performance of PB for
long-period waves by combination with other engineering
methods, such as Submerged Breakwaters (SB).

As one form of traditional breakwaters, SB is widely used in
coastal regions to protect the harbor and coastal area, and it has
received a great deal of attention (Karmakar and Guedes Soares,
2014; Liu and Li, 2011). When waves cross the SB, the wave-
breaking process and nonlinear interaction between the wave
spectrum components occur. Nonlinear interactions between wave
components cause a wave energy transfer from wave spectrum
primary harmonics to higher harmonics (Carevic et al., 2013;
Sheremet et al., 2011). As a consequence, the mean wave periods
decrease by approximately 60% in relation to the incoming mean
wave periods due to SB (Tanimoto et al., 1987). The amount of
transferred energy depends on the incoming wave parameters,
breakwater geometry and water depth. Beji and Battjes (1993)
observed high-frequency wave energy amplifications as waves
propagate over a SB experimentally. It was found that bound har-
monics are amplified during the shoaling process and released in
the deeper water region after SB. Consequently, the short wave
decomposition in the deeper region is never as drastic as that of the
long waves and only relatively smaller amplitude second order
harmonics are released. Masselink (1998) illustrated that when the
long waves propagate over submerged obstacles, they may
decompose into shorter components referred to as secondary
waves. The generation of secondary waves on a barred beach was
investigated using field data, and a breaking incident swell was
observed decomposed into several smaller and shorter waves in the
deeper water after SB. In terms of analytical studies of the long
waveestructure interaction, Chang and Liou (2007) conducted
analytical studies for long wave reflection and transmission by two
or more trapezoidal breakwaters, and indicated the peak Bragg
reflection of long waves from breakwaters is shifted to low fre-
quency. Jung et al. (2008) derived an analytical solution to the long-
wave equation in terms of a Taylor series for waves propagating
over an asymmetrical trench. Jung and Cho (2009) gave an
approximate analytical solution for long-wave reflection by an
arbitrary topography. Xie et al. (2011) also presented a closed-form
analytical solution for long-wave reflection by a rectangular
obstacle with two scour trenches. Concerning the Reynolds-
averaged Navier-Stokes (RANS) equations for prediction of the
waveestructure interaction (Wu et al., 2012), they were found to
give good predictions of near-field flow around SB under regular
waves (Garcia et al., 2004), velocity and turbulence fields around
and within permeable SB (Losada et al., 2005), wave overtopping at
a rubble mound structure (Losada et al., 2008), and wave shape
evolution on a natural beach (Torres-Freyermuth et al., 2007).

Therefore, the RANSmodel based on the Renormalization Group
(RNG) k-ε model and Volume of Fluid (VOF) method was used to
study wave propagation over breakwaters in the present study. A
series of physical experiments was conducted, and experimental
data were used to validate the mathematical model. As previously
mentioned, the wave damping effect of PB performs better for
shorter-period waves, and the SB transfers the incident wave en-
ergy from primary harmonics to higher harmonics to a large extent.
Therefore, their Joint Breakwater (JB) was proposed due to the
higher efficiency for wave attenuation, especially for long-period
waves, and the wave damping relationships with various spaces
between PB and SB were explored. The objective was to improve
the wave-damping performance of PB for longer-period waves via
coupling with SB.

2. Methods

A series of experiments onwave-damping performance of PB, SB
and JB were conducted, and the experimental setup and procedure
are presented here. This section also introduces the 2-D mathe-
matical model in ANSYS FLUENT 14.5 software, including the gov-
erning equations, boundary conditions and solution algorithms.
Meanwhile, the wave generation and absorption methods are also
presented briefly. In addition, the computational mesh and dis-
cretization errors are depicted. Eventually, the mathematical model
is validated for the wave surfaces with PB, SB and JB in the wave
flume.

2.1. Experiment setup and procedure

A series of experiments for regular waves propagating over PB,
SB and JB was conducted in a wave flume of 25.0� 1.0� 1.2m
(length�width� height) at the Hydraulic Lab, Ocean University
of China, as shown in Fig. 1. The bottom of the wave flume is flat,
and a piston-type wave generator is used to generate waves at the
starting location of the wave flume. On the other end of the wave
flume, a 5-m-long wave absorber made of porous material is used
to avoid the unwanted reflected waves. The vertical sides of the
wave flume were made of transparent toughened glass of 10mm
in thickness. The experimental models were located approxi-
mately halfway between the wave generator and wave absorber,
and they were installed across the entire width of the wave flume.
Thus, the wave can be treated as two dimensions in the mathe-
matical model without causing major error. The tests regarding PB
alone, SB alone, and JB were conducted. The sizes of experimental
facilities and the required wave parameters were taken into ac-
count, and a geometrical similarity scale of 1:16 was used for the
experiments.

In the PB experiment, the PB model was installed at x ¼ 12 m
away from the wave generator. A U-type circular perforated pipe
was installed on the wave flume bottom perpendicularly to the
flume side walls; its horizontal length was 1 m, consistent with the
flume width, and its inner diameter was 20 mm. The orifices were

Fig. 1. Experimental setup of the wave flume and boundary conditions for the mathematical model.
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drilled over the pipe top. The distance between adjacent orifices
was 15 mm, and the orifice diameter was 1 mm. The pipe with
orifices was connected to an air compressor (OTS-1500*4e160L)
that can supply the desired air amount for the experiments. An air
flow meter (SIARGO MF5700) was used to measure the air amount
supplied by the air compressor.

In the SB experiment, a trapezoidal SB model made of PVC was
also installed at x¼ 12m away from the wave generator; its height
was 0.3m, its width was 1.0m, its crest length was 0.8m, its bottom
length was 2.0m, and the slope was 1:2, as shown in Fig. 1. The SB
tests were performed for three submersion depths, R¼ 0.10m,
0.15m, and 0.20m, by changing the still water depths, d¼ 0.40m,
0.45m, and 0.50m, in the wave flume.

In the JB experiment, the horizontal distances S between PB
and SB were arranged as -4d, -3d, -2d, -d, d, 2d, 3d, 4d, 5d, and 6d.
The negative indicator denotes that the PB is located on the
seaward side of the SB. The waves generated in the experiments
were all regular ones with incident wave periods T ranging from
1.2 s to 2.0 s (4.8 se8.0 s, prototype) and incident wave heights H
ranging from 0.06m to 0.10m (0.96me1.6m, prototype). Here
the nonlinearity of wave parameters was discussed as suggested
by Tian et al. (2015). Note that using the linear dispersion rela-
tionship, the wave length L can be obtained as L¼ gT2tanh(kd)/
2p. All d/L values were greater than 0.05 and smaller than 0.5,
which can be attributed to the finite water depth range (Airy,
1842), rather than a shallow water wave or deep water wave.
The dimensionless parameter wave steepness H/L for the exper-
imental scenarios ranges between 0.0148 and 0.0516 (weakly
nonlinear) for the runs in this study. The scenario summary of
numerical computations and physical experiments is presented
in Table 1. Note that using the same air amount assumption per
unit width in the experiment and mathematical model, the air
amounts of 400, 500 and 600 L/min in the physical experiments
are therefore converted to 24, 30 and 36m3/h$m (air discharge
per unit width) in the 2-D mathematical model based on Sm
mentioned in Eq. (1), respectively.

Concerning the wave height measurements, 8 wave gauges,
referred to as G1-G8, were installed along the wave flume central
line to record the wave propagation and transformation over the
breakwaters, as shown in Fig. 1. The wave gauge G3 was located
above the center of the SB, 12m away from the wave generator.
Static calibration of the wave gauges was performed before each
test to ensure their accuracy. Regular waves were generated for
40 s, and the data were collected for 30 s with a sampling rate of
50 Hz. Each wave condition was run three times, and the differ-
ences in wave height among the runs are generally less than 3%.
Final data for subsequent analysis in this study were based on the
mean values of the three runs.

Fig. 2 shows the two typical snapshots of the experimental
phenomenon regarding JB (S¼ 2d) for d¼ 0.45m, T¼ 1.4 s and
H¼ 0.10m. Note that the symbol “JB (S¼ 2d)” denotes that PB is
located on the leeward side of the SB, and the distance between
them is 2d. Fig. 2(a) shows that when the wave goes across the

SB at t¼ 15 s, the shoaling effect and wave breaking occurred,
resulting in a sub-peak phenomenon at the leeward slope of the
SB. Fig. 2(b) shows that the sub-peak keeps moving to the
onshore side at a different phase velocity at t¼ 15.35 s, so sub-
peaks were squeezed and deformed due to the aerial barrier
generated at S¼ 2d. It was apparently observed that the wave
height after PB has exhibited great attenuation in comparison to
the wave height before PB and that the water surface is quite
stable, which indicates that the wave damping effect is signifi-
cant when waves propagate over JB.

2.2. Mathematical model

2.2.1. Governing equations
To simplify the research and conserve computational time, this

study is restricted to the two-dimension incompressible and
viscous two-phase mixture flow (Chen et al., 2014), which is gov-
erned by the following continuity and momentum balance
equations:

vr

vt
þ V,
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ru
.
�
¼ Sm (1)
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where t is time and r is the mixture density of air and water, where

r ¼ a0r0 þ a1r1. p is the fluid pressure, and u
.

is the fluid velocity. m
is the dynamic viscosity coefficient, where m ¼ a0m0 þ a1m1. a0, r0,
and m0 are the volume fraction, density and dynamic viscosity co-
efficient of the water phase, and a1, r1, and m1 are the corre-

sponding parameters for the air phase, respectively. g
.

is the
acceleration due to gravity. The air bubble curtain system is
modeled by an additional mass source item using Sm in Eq. (1) with
the User Defined Function (UDF) method of FLUENT, and it is
defined by the DEFINE_SOURCE (mass source, cell, thread, dS, eqn)
macro. The mass source mentioned in Eq. (1) was defined as
Sm¼Qr1/3600A, where Q is the air discharge per unit width and A
is the source area by defining a region in the computational
domain.

As a simple turbulent model without major adjustments to
constants or functions, the RNG k-ε turbulence model can predict
complex turbulence phenomena successfully, and it is used to
model the wave turbulence in this study. The transport equation of
turbulent kinetic energy, k, is denoted as follows:

v

vt
ðrkÞ þ v

vxi
ðrkuiÞ ¼

v

vxj

 
akmeff

vk
vxj

!
þ Gk � rε (3)

The balance equation for the turbulent dissipation rate, ε, is
written as follows:

Table 1
Summary of scenarios.

Parameter Units Scale for Physical Experiments and Numerical Computations

PB SB JB

Still Water Depth (d) m 0.40, 0.45, 0.50 0.40, 0.45, 0.50 0.40, 0.45, 0.50
Incident Wave Height (H) m 0.06, 0.08, 0.10 0.06, 0.08, 0.10 0.10
Wave Period (T) s 1.2, 1.4, 1.6, 1.8, 2.0 1.2, 1.4, 1.6, 1.8, 2.0 1.2, 1.4, 1.6, 1.8, 2.0
Wave Steepness (H/L) e 0.0148e0.0516 0.0148e0.0516 0.0247e0.0516
Air Discharge Per Unit Width (Q) m3/h$m 24, 30, 36 e 30
Distance Between PB and SB (S) m e e -4d, -3d, -2d, -d, d, 2d, 3d, 4d, 5d, 6d
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where ui refers to the velocity component in the i direction, and Gk

represents the generation of turbulent kinetic energy due to the

mean velocity gradients, where Gk ¼ � ru0
iu

0
jvuj=vxi; the effective

viscosity meff ¼ mþ mt is the sum of the dynamic viscosity and the

turbulent eddy viscosity, where mt ¼ rCmk2=ε, with Cm¼ 0.0845,
derived using RNG theory. It is interesting to note that this value of
Cm is very close to the empirically determined value of 0.09 used in
the standard k-ε model; the quantities ak and aε are the inverse
effective Prandtl numbers for k and ε, respectively. C1ε ¼ 1:42 and
C2ε ¼ 1:68 are empirical constants.

The VOF method proposed by Hirt and Nichols (1981) was
employed to capture the free surface, which introduces one new
continuity equation for the volume fraction of both phases aq,

vaq
vt

þ V,
�
aq u

.
q

�
¼ 0; q ¼ 0;1 (5)

X1
q¼0

aq ¼ 1 (6)

2.2.2. Boundary conditions and algorithms
The boundary conditions of the mathematical model are shown

in Fig. 1. Boundary conditions were defined as follows. At the upper
side of the wave flume, the pressure was specified as atmospheric
pressure. The no-slip wall boundary was applied on the other sides
of the flume. The standard wall function was used to deal with the
flow in the viscous sub-layer.

The pushing paddle method was utilized at the boundary AB to
generate the regular wave. The desired wave surface hðx; tÞ was
computed as follows:

hðx; tÞ ¼ 2X0u
2coshkd,sinhkd

kgðsinh2kdþ 2kdÞ cosðkx� utÞ (7)

where x is the horizontal directional coordinate, with the origin at
the location of the wave generator, X0 is the stroke distance of the
paddle, u is the angular frequency, and k is the wave number. To
generate the desired wave surface on the basis of Eq. (7), the
paddle-pushing speed with simple harmonic motion, U(t), was
denoted as follows:

UðtÞ ¼ X0u

2
cos ut (8)

To avoid unwanted reflection at the downstream of the flume, a
damping zone was applied at the boundary CD. In this method, an

artificial damping momentum source term xðxÞu.was added to the
momentum equation as follows (Zhang et al., 2010):

Fig. 2. Side view of snapshots of the wave propagation over JB (S¼ 2d) in the physical experiment (d¼ 0.45m, T¼ 1.4 s, H¼ 0.10m).
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xðxÞu. ¼ f�
�
x� x0
xl � x0

�
u
.

(9)

where xl and x0 are the end and start locations of the damping zone,
respectively, and f is the damping coefficient, which can be
determined empirically (Romate, 1992). Usually, the length of the
damping zone is set to be more than one wavelength (Chen et al.,
2014). In this study, a 5-m-long damping zone was used, and the
damping coefficient was set to 4.0 (Zhang et al., 2010).

Eqs. (1) and (2) are resolved under the RANS framework, mainly
due to the reasonable computational efforts and simple assumptions
(Garcia et al., 2004). The governing equations were discretized based
on the finite volume method (FVM). A least-squares grid-based
approachwas used to construct values of scalars at the grid faces and
compute secondary diffusion terms and velocity derivatives. The
two-phase interface can be tracked by the VOF method. The second-
order upwind scheme (Barth and Jespersen, 1989) was adopted to

solve the momentum equation, and the pressure implicit with
splitting of the operator algorithm was adopted to solve the
pressureevelocity coupling using a higher degree of the approximate
relationship. The body force weighted method was used to inter-
polate the pressure, and the Pressure Implicit with Splitting of
Operator (PISO) algorithm (Issa, 1986) was used for the pressure-
velocity coupling. The iterative convergence was kept below three
orders of magnitude (10�3) in all of the normalized residuals. To
obtain accurate solutions, the time stepwas set as 0.005 s, and 10000
iterations sufficed for all scenarios involved.

2.2.3. Computational mesh sensitivity analysis
The computational domain was partitioned using structural

grids, which were created using the commercial mesh-generation
software GAMBIT V.2.4.6 (Fluent Inc., USA) (Craig et al., 2013). Ac-
cording to the PB characteristics, the computational domain
x¼ 8m~16mwas refined to catch bubbly oscillation and ascending
accurately, a finer mesh is needed yielding a higher computational

Fig. 3. Time series of the free surface elevation at the G7 wave gauge for PB for five meshes.

Fig. 4. Typical air volume fraction (AVF) snapshots of the numerical PB model in the wave field using (a) Mesh 2 (b) Mesh 3 (c) Mesh 4 (d) Mesh 5 for d¼ 0.45m, T¼ 1.4 s, H¼ 0.10m
and Q¼ 36m3/h$m.
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Fig. 5. Calculated and measured time series of the free surface elevations for T¼ 1.2 s, 1.6 s and 2.0 s at two locations for (a) PB (b) SB (c) JB (S¼ 4d) to show the capability of the
present mathematical model in simulating wave propagation over breakwaters.
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cost. In order to reach a balance between the computational effort
and results accuracy, a mesh sensitivity analysis was carried out
considering PB using five meshes (Mesh 1 ~ Mesh 5) with cell
heights of 0.04m, 0.02m, 0.01m, 0.005m and 0.0025m, respec-
tively, and the corresponding mesh numbers of refined region are
5723, 23107, 92117, 366272 and 1465088. The computational time
associated to Mesh 1 is 12 h in 8 processors using a HPC machine
(2.6 GHz) to simulate 50 s. Computational cost forMesh 2, 3, 4 and 5
is increased by a factor of 2, 4, 8 and 16 respectively.

The sensitivity analysis results for d¼ 0.45m, T¼ 1.4 s,
H¼ 0.10m and Q¼ 36m3/h$m in PB scenarios was shown in Fig. 3.
It was observed that wave height evolutions at the G7 wave gauge
location are very similar for the four meshes except for the coarser
mesh (Mesh 1), i.e., there is little change in wave heights among
Mesh 2, 3, 4, and 5. Thus, the mesh size is relatively independent of
the computational results.

The typical air volume fraction (AVF) snapshots of the numerical
PB model using four higher mesh resolutionwere shown in Fig. 4. It
was found that air bubbles gradually become larger in the rising
process from the bottom to wave surface, forming a vertical aerial
barrier that has a significant turbulent effect on wave. It was
observed that the aerial barrier swings left and right periodically
with wave propagation. With increasing mesh resolution, the air
bubble shape can be more accurately captured. In particular, when
the mesh number reaches 1465088 (Mesh 5), the hydrodynamic
behavior of air bubbles has been similar to the real physical phe-
nomenon, accompanied by the bubbly breakup and coalescence.
However, the 2-D numerical simulation cannot completely repro-
duce the hydrodynamic characteristics of bubbles compared to 3-D
physical experiment. In addition, it is worth mentioning that this
paper is mainly focused on the large-scale studies of wave break-
waters, and note that air bubble size has a week effect on wave
propagation (see Fig. 3). Thus, it is not necessary to study the

hydrodynamic characteristics of the air bubble accurately using the
higher resolution mesh. Based on previous results, Mesh 2 was
chosen for the mathematical modeling considering the balance
between numerical accuracy and speed.

2.3. Mathematical model validation

Fig. 5 shows the free surface elevation histories numerically and
experimentally about PB, SB and JB (S¼ 4d) at the G2 or G3 and G4
locations for d¼ 0.45m, with H¼ 0.10m and T¼ 1.2 s, 1.6 s and
2.0 s. Fig. 5 (a) shows a good agreement between numerical wave
profiles and experimental data about PB. Fig. 5 (b) and Fig. 5 (c)
illustrate that the numerical wave profile fits the experimental data
well about SB and JB (S¼ 4d), and their deviations are smaller than
10%. These comparisons show that the present mathematical
model can predict the nonlinear water surface deformation and
wave breaking with acceptable accuracy. In addition, the figures
reveal the wave deformation such as free surface variation and the
nonlinearities due to SB and JB. Note that air bubbles were gener-
ated through the dense orifices as shown in Fig. 2, and the adjacent
bubbles form a continuous curtain across the flume section as a
result. Therefore, the 3-D PB was simplified as a 2-D structure
reasonably in this study, and Fig. 5 confirms the simplification
reasonability well without causing major deviations.

3. Results and discussion

In this section, the wave damping performance of PB alone, SB
alone, and JB are discussed individually. The wave transmission
coefficient is the main index for evaluating the wave damping
effectiveness of the breakwaters (Carevic et al., 2013). It is worth
noting that for a numerical wave flume, there is a certain degree of
wave energy dissipation during wave propagation process due to

Fig. 5. (continued).
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the numerical dissipation itself, and the similar wave energy
dissipation occurs during experiments because of turbulent and
viscosity dissipations as well as boundary friction effect. Therefore,
thewave transmission coefficient was defined as K¼H2/H1 to avoid
the inherent wave energy dissipation effect, where H2 and H1 are
the average wave heights calculated using the zero-crossing
method at the monitoring location with and without breakwaters
in the wave flume, respectively. In particular, the symbols Kp, Ks and
Kj donate the wave transmission coefficients of PB, SB and JB,
respectively. Carevic et al. (2013) illustrated that the nonlinear
behavior at the breakwater causes phases of the fundamental and
super harmonics to be locked, and a sufficient distance is necessary
to ensure the wave phase change due to its dispersive character.
Thus, it is important to guarantee that the distance of monitoring
locations is sufficient to avoid nonlinearities and secure reliable
wave analysis. Considering that the wavelength range in this paper
is approximately 1.8me4.1m, the monitoring location was set as
x¼ 18m (i.e., G8 wave gauge) throughout this study.

3.1. Wave damping performance of PB

Wang et al. (2004) and Zhang et al. (2010) pointed out that T and

Q play significant roles in the transmission coefficients of the PB.
Fig. 6 shows the Kp relationship with T forH¼ 0.10m, d¼ 0.40, 0.45,
0.50m and Q¼ 24, 30, 36m3/h$m. It was found that Kp values of all
scenarios show a similar trend with the variation of T. That is, Kp
gradually increases with increasing Tand tends to be approximately
0.9 when T increases up to 2.0 s. Consequently, PB has almost lost
the wave damping effect for longer-period waves, which is
consistent with the reports of Paprota (2013) and Zhang et al.
(2010). A possible explanation is that the wave energy with a
longer wavelength is larger than that of a smaller wavelength in a
unit wavelength range, and the wave attenuation energy generated
by the PB is also a certain value for constant Q during a certain
period, so the PB cannot effectively attenuate the longer wave en-
ergy as expected. Another possible reason is that by using the
disperse relationship for a linear wave, the wave velocity c in-
creases with increasing T for a constant still water depth scenario.
Thus, for longer-period waves, it takes less time to pass through the
PB influence region, the PB has less time to interact with the longer-
period wave, and the wave energy cannot be greatly reduced as a
result. In addition, note that all the relative deviations between
computational Kp and experimental value are smaller than 4%, and
they agree well with each other, confirming the validation and
accuracy of the 2-D mathematical model aforementioned.

In addition, Kp decreases with increasing Q. With increasing Q,
the reduction of Kp for Scenario T¼ 1.2 s is higher than that of
Scenario T¼ 2.0 s, which also suggests that the wave-damping ef-
fect of PB is more sensitive to the shorter-period wave. Further-
more, Kp decreases with the increase of d, which is similar to the
results reported by Paprota (2013); however, Kp is less influenced
by the still water depth when T increases up to 2.0 s.

As mentioned before, the purpose of this study is to improve the
wave-damping performance of PB by combining it with a SB. Due to
the great deal of contributions regarding the wave-damping effect
of SB (Rambabu and Mani, 2005; Seabrook and Hall, 1999; Twu
et al., 2001), it is not directly considered in this study. However,
the combination effect cannot be discussed unless the damping
effect of an individual breakwater is clarified. It is assumed that
their combination effect is caused by the energy transfer to shorter-
period waves, which can be damped by the PB. If this assumption is
correct, a SB that can transfer a greater part of the energy of
transmitted waves to shorter-period waves is the most effective JB.
From this point of view, it becomes important to investigate the
transmitted wave characteristics over SB.

3.2. Nonlinear wave propagation over SB

The calculated time series of free surface elevations at the lo-
cations G3, G4, G5 and G8 for SBwith R¼ 0.10m, 0.15m, and 0.20m
are compared in Fig. 7, where T¼ 1.2 s, 1.6 s, and 2.0 s, respectively,
and H is 0.10m. It is worth noting that t¼ 20 se30 s denotes the
moments in which the wave has fully developed and reached its
stable state. As the wave travels to the SB crest at location G3, the
wave profile is obviously modified because of the shoaling effect.
The wave crests become steeper, and the wave troughs become
flatter, i.e., wave skewness occurs (Ning et al., 2016). Additionally, it
can be clearly seen that wave breaking occurs only for smaller
R¼ 0.10m scenarios. At location G4 on the leeward slope toe of the
SB, the wave profile asymmetry exacerbated, and wave breaking
occurs for R¼ 0.15m scenarios; however, wave breaking was still
not observed for R¼ 0.20m scenarios. At locations G5 and G8,
stronger wave profile deformation can be observed with the sub-
peak appearance at the trailing side of the primary waves for
smaller R. Note that with increasing R, the sub-peak phenomenon
becomes no longer significant, and it is not even observed for the
R¼ 0.20m scenario. Similarly, with increasing T, the sub-peak

Fig. 6. Calculated and measured of wave transmission coefficient Kp versus wave pe-
riods T for different Q and d of PB scenarios.
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phenomenon also becomes more remarkable. It can be observed
that the locations where the wave began to break and the sub-peak
began to appear differently for various R. An increasing Talsomoves
the breaking point in the onshore direction, which is similar to the
results by Garcia et al. (2004). In other words, either an increasing T
or a decreasing R leads to a stronger wave nonlinear effect for SB,
consistent with the results reported by Carevic et al. (2013).

Zhang et al. (2016) pointed out that whenwave propagates over
SB, a higher-frequency harmonic wave is generated, andmorewave
energy is transferred to it. According to Beji and Battjes (1993), the
analysis of the experimental data was carried out with the use of a
standard FFT package. In computing the primary wave energy the
range of integration is taken between 0 Hz and primary frequency
(¼1/T Hz), while the higher-frequency energy can be calculated by

using an integration for waves larger than the primary frequency.
The total energy is obtained simply by adding the two part. Fig. 8
shows the higher-frequency wave energy along the wave flume
using this method. It was observed that as waves travel to the
seaward slope toe of SB at x¼ 11m, the wave energy transfers from
low frequency to higher frequency due to the shoaling effect. As a
result, the higher-frequency energy begins to increase, and then it
decreases gradually due to dissipation along the flume. It is inter-
esting to note that higher-frequency energy after SB becomes larger
with increasing R, but it does not mean that the high-frequency
energy transformation of SB with larger R is more efficient than
that with smaller R. Therefore, it is necessary to discuss the trans-
form efficiency for high-frequency energy. The total wave energy in
the propagation process over the SB is defined as E1, high-frequency

Fig. 7. Calculated time series of the free surface elevation at the G3, G4, G5 and G8 wave gauges locations in the wave flume for SB for H¼ 0.10m with (a) T¼ 1.2 s (b) T¼ 1.6 s (c)
T¼ 2.0 s to show the nonlinear wave propagation over SB for different R.
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energy is defined as E2, and the parameter E2/E1 is used to present
the high-frequency energy transfer efficiency quantitatively. Here,
only two wave periods (T¼ 1.8 s and 2.0 s) are selected in Fig. 9 to

show the E2/E1 variation along the wave flume for SB with different
R. It was expected that the high-frequency energy begins to appear
on the SB crest and gradually increases, reaching themaximum and

Fig. 8. Higher-order harmonics energy along the wave flume for (a) T¼ 1.2 s (b) T¼ 1.4 s (c) T¼ 1.6 s (d) T¼ 1.8 s (e) T¼ 2.0 s for SB with different R.

Fig. 9. The transform efficiency for high-frequency energy along the wave flume for (a) T¼ 1.8 s (b) T¼ 2.0 s for SB with different R.
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then decreasing gradually after SB (x¼ 14me15m). In addition, the
E2/E1 value increases with decreasing R, which indicates that the SB
with smaller R has higher transform efficiency for high-frequency
energy.

3.3. Wave damping performance of JB

To seek the optimal arrangement between the PB and SB, Fig. 10
shows the Kj relationship with a normalized S/d, the ratio of the
distance between PB and SB to water depth, for three still water
depths d¼ 0.40m, 0.45m, 0.50m and H¼ 0.10m. Q was kept as
30m3/h$m here. It was found that all the relative errors between
computational Kj and experimental data are smaller than 10%, and
they are consistent with each other well, proving that the 2-D
mathematical model and related simplification. Note that all Kj
exhibit a similar trend for different d with varying S/d. In general,

the wave transmission coefficient of JB is highly sensitive to PB
locations, and it is more sensitive with increasing d. Consequently,
the discrepancies among the Kj values of different T scenarios are
higher for larger d scenarios, possibly due to the fact that the SB
effect on the damping wave is no longer dominant in the JB system
for deeper water depth scenarios. The parameter R has the greatest
influence on the wave spectral change, such as wave energy dissi-
pation and the transfer to higher frequencies. If R is large enough,
spectral change will not arise at all, consistent with the conclusion
drawn by Carevic et al. (2013). In particular, the range of Kj varies
from 0.27 to 0.51 for d¼ 0.40m, it varies from 0.35 to 0.70 for
d¼ 0.45m, and it varies from 0.47 to 0.93 for d¼ 0.50m, indicating
that Kj generally increases with increasing d.

Fig. 10 shows that when the PB is located on the seaward side of
SB (i.e., S/d¼�4 ~�1), Kj is influenced slightly by PB locations for
shorter-period waves (T¼ 1.2 s and 1.4 s). Generally, the Kj values
for a PB location on the leeward side of SB are much smaller than
those for a PB location on the seaward side of SB, especially for
longer-period waves (T¼ 1.6 s, 1.8 s and 2.0 s). It has already been
mentioned that in the process of wave transmission over SB, a great
deal of wave energy is transferred to higher frequencies due to the
nonlinear effect, and a long-period wave is more sensitive to the
nonlinear effect. As a result, the transmitted wave with the higher

Fig. 10. Calculated and measured of the transmission coefficient Kj with different lo-
cations of PB for different water depths (a) d¼ 0.40m (b) d¼ 0.45m (c) d¼ 0.50m.

Fig. 11. Variation of the transmission coefficient K of PB alone, SB alone and JB (S¼ -4d,
-2d, 2d, 4d, 6d) for different water depths (a) d¼ 0.40m (b) d¼ 0.45m (c) d¼ 0.50m.
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frequency after SB was diminished because of the leeward side PB,
so the wave-damping performance for a long-period wave is pro-
moted to a large extent. As for long-period waves, Fig. 10 also

illustrates that Kj exhibits a similar trend for JB (S/d¼ 1e6) and that
it suffers a decrease from S/d¼ 1 to 4 before it reaches its minimal
value at S/d¼ 4, followed by an increasing trend. Consequently, an
optimal arrangement for JB (S¼ 4d) was obtained to improve the
wave-damping performance of PB for longer-period waves (i.e.,
except for shorter-period waves T¼ 1.2 s).

Fig. 11 presents comparisons of Kj for five typical arrangements
(S¼ -4d, -2d, 2d, 4d, 6d) with Kp and Ks for T¼ 1.2 se2.0 s. It was
found that all transmission coefficients increase with increasing T
for variation of d, which indicates that thewave period effect on the
wave damping of JB is consistent with that of PB and SB. However,
regardless of still water depths and incident wave periods, the
wave-damping effect of JB performs better than that of PB and SB
individually, especially when PB is located on the leeward side of
the SB, i.e., S¼ 2d, 4d and 6d. In addition, with regard to longer-
period waves, Kj is obviously smaller than Kp and Ks, indicating
that the wave-damping effect of JB is superior to those of PB alone
and SB alone. It is expected that the JB for S¼ 4d is always optimal
regardless of the variation of still water depth and incident wave
period, consistent with the trend shown in Fig. 10. Comparing Kj of

Fig. 12. Ce of the JB (S¼ 4d) relationship with T for different d.

Fig. 13. Free surface elevation history at the G8 location with SB and JB (S¼ -4d, 4d) for (a) T¼ 1.2 s (b) T¼ 1.4 s (c) T¼ 1.6 s (d) T¼ 1.8 s (e) T¼ 2.0 s.
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JB (S¼ 4d) to Kp, the wave damping effectiveness was enhanced
about 50%~60% for d¼ 0.40m scenarios, 30%~50% for d¼ 0.45m
scenarios and 0~20% for d¼ 0.50m scenarios respectively, indi-
cating that the JB performed better to attenuate wave for smaller
d scenarios.

To further investigate the wave damping combination effect of
JB in comparison to PB and SB, the following equation is proposed,

Ce ¼ Kp$Ks-Kj (10)

where Ce is the combination effect coefficient for wave damping,
and Kp$Ks represents the ideal transmission coefficient for a single
PB and a single SB without their combination effect. When the Ce
value is positive, the wave-damping effect is improved by the
interaction between SB and PB. In contrast, if the Ce value is
negative, the interaction suppresses each individual wave-damping
effect to some extent. Fig. 12 shows the Ce of the JB (S¼ 4d) rela-
tionship with T for different d. It was found that Ce increases with
the increase of T. In detail, when T increases up to approximately
1.5 s, Ce changes from negative to positive, indicating that their
combination promotes each wave-damping effect from this point.
Note that Ce increases with the decrease of d, consistent with the

results as shown in Figs. 7e9, inwhich thewave nonlinear effects of
SB increased with decreasing d. As a result, the wave-damping ef-
fect performed better at smaller d for JB. It is worth emphasizing
that Kj is smaller than Kp and Ks for T¼ 1.2 s and 1.4 s, as shown in
Fig. 11; however, Fig. 12 shows that their Ce is negative for shorter-
periodwaves, indicating that the interaction between the PB and SB
suppresses the each individual wave attenuation effect. As a
consequence, JB system is not recommended to use in the shorter-
period wave conditions.

To verify the aforementioned hypothesis rationality, the PB
effect on transmitted wave profile deformation and higher-
frequency wave energy was discussed. Fig. 13 shows the trans-
mitted wave surface elevation history at the G8 location for JB
(S¼ -4d, 4d), T¼ 1.2 se2.0 s and compares it with that of SB alone.
It was found that there is no significant difference in the wave
profile between JB (S¼ -4d) and SB except for a slight decrease in
wave height, especially for longer-period waves. In contrast, the
wave profile of the JB (S¼ 4d) is changed by varying degrees in
comparison to SB. For example, for the shorter wave periods of
T¼ 1.2 s and 1.4 s, the waves for JB (S¼ 4d) behave regularly, and
the wave height is significantly reduced. With regard to the longer
wave periods of T¼ 1.6 s, 1.8 s and 2.0 s, the sub-peak

Fig. 14. Higher-frequency wave energy along the wave flume for SB and JB (S¼ -4d, 4d) for (a) T¼ 1.2 s (b) T¼ 1.4 s (c) T¼ 1.6 s (d) T¼ 1.8 s (e) T¼ 2.0 s.
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phenomenonwas not observed after the JB (S¼ 4d) in comparison
to that of SB or JB (S¼ -4d), and the wave height decreased to a
large extent, with the wave still behaving regularly. In other
words, the transmitted sub-peak after SB has been removed due
to the PB located at S¼ 4d.

Fig. 14 shows the higher-frequency wave energy variation along
the wave flume for JB (S¼ -4d, 4d), and T¼ 1.2 se2.0 s in compari-
son to that of SB alone. Similar to Fig. 13, it was found that there is
no significant difference in the higher-frequency wave energy be-
tween JB (S¼ -4d) and SB, except for a slight increase before the JB
(S¼ -4d). In contrast, when PB is located on the SB leeward side
with S¼ 4d, the higher-frequency wave energy does not change
before SB, but an obvious decrease occurs from x¼ 13me18m in
comparison to JB (S¼ -4d) and SB alone. In particular, with
increasing T, the reduction of higher-frequency wave energy in-
creases, indicating that thewave attenuation of JB (S¼ 4d) preforms
better for the longer incident waves. Furthermore, the higher-
frequency energy dissipation of the PB is analyzed by the high-
frequency energy ratio Ej/Es, where Ej and Es are the higher-
frequency energies after JB and SB, respectively. The value of Ej/Es
at the location G8 was calculated as an example. It was found that
when PB is located near S¼ 4d, Ej/Es is equal to 0.36 for T¼ 1.2 s,
0.15 for T¼ 1.4 s, 0.06 for T¼ 1.6 s, 0.08 for T¼ 1.8 s, and 0.09 for
T¼ 2.0 s, respectively, indicating that PB can almost remove the
higher-frequency energy generated by SB for longer-period wave.
As a result, the total transmittedwave energy can be attenuated to a
large extent.

Fig. 15 shows the flow pattern of the wave field when the
waves cross the JB (S¼ 4d) for T¼ 1.4 s, H¼ 0.10m and R¼ 0.15m.

It shows that when t¼ 1/4T, the wave crest reaches the SB crest, a
back flow directed offshore due to the water level increase. More
dense streamlines are observed over the crest, where the
reduction of the water depth induces a flow acceleration. Flow
separation at the crest edge originated, and a clockwise vortex
formation occurs at the leeside slope. This vortex influences the
structure stability and may be responsible for the well-known
scour phenomenon (Garcia et al., 2004). In addition, two
reverse vortexes can be observed on both sides of the PB because
of the surface current produced by the air bubble motion.
Consequently, both vortexes interact with each other in the re-
gion x¼ 13me15m, and the wave surface is obviously uplifted,
accompanied by slight wave breaking. At t¼ 2/4T, the wave
continued to propagate above the SB crest, and the vortex at the
leeward slope of SB developed gradually. The influence area of
the vortex gradually extended, and the counterclockwise vortex
on the PB's left side deformed due to the vortex interaction.
According to Neelamani and Rajendran (2002), the vortex gen-
eration and shedding are closely correlated with the wave energy
dissipation in the wave-structure interaction. At t¼ 3/4T, the
wave crest propagated to the leeward slope of SB, the clockwise
vortex developed to mature and escaped from the leeward side
slope gradually, it continued to squeeze with the counterclock-
wise vortex on the left side of the PB, and the influence area of
the PB's left side shrunk. When t¼ 4/4T, the two reverse vortices
continued to interact with each other and dissipated to a large
extent. It is expected that the wave after the PB tends to be
stable, and it is evident that PB plays a significant role in
streamline distribution after the SB.

Fig. 15. Stream line fields with the JB at typical moments about (a) t¼ 1/4T (b) t¼ 2/4T (c) t¼ 3/4T (d) t¼ 4/4 T.

Y. Wang et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 314e328 327



4. Conclusions

In this paper, improvement of the wave-damping performance
by combining the submerged breakwater with the pneumatic
breakwater has been investigated numerically and experimentally.
A 2-D mathematical model was conducted based on the N-S solver,
RNG k-ε equations and VOF method. A series of experiments was
conducted to measure the wave heights and validate the mathe-
matical model, and the numerical wave surface exhibited good
agreement with the experimental data. The conclusions, based on
the numerical results, are as follows:

The wave transmission coefficient of pneumatic breakwater
increases with increasing incident wave period. However, it de-
creases with increasing air discharge and still water depth. In
particular, its wave-damping effectiveness gradually disappears
when the wave period becomes longer, which prevents the prac-
tical use of a single pneumatic breakwater. Experiments show that
when the waves cross the submerged breakwater, the wave
breaking and sub-peak locations differ with various submersion
parameters. Moreover, either an increase in the wave period or a
decrease in the submersions leads to a stronger nonlinear effect for
submerged breakwater and higher transform efficiency from
primary-frequency energy to high-frequency energy.

Generally speaking, the joint breakwater of the submerged and
pneumatic breakwaters is more effective on the wave damping
than each breakwater alone. An explanation for this is that when
the incident waves pass over the submerged breakwater, a great
deal of wave energy transfers to higher-frequency waves; it was
damped by the pneumatic breakwater to a large extent. The wave
transmission coefficient of joint breakwater increases with
increasing wave period and water depth. Note that an optimal
arrangement for joint breakwater was obtained to improve the
wave-damping performance of PB for longer-period waves.
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