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Diffraction waves on general two-legged rectangular floating breakwaters
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Abstract

In this paper, hydrodynamic characteristics of general two-dimensional rectangular floating breakwaters
(FBs) with two legs in water of finite depth and infinite domain subjected to sinusoidal waves are
studied using a numerical panel method. A parametric study is carried out in order to quantify the
effect of the leg size and the leg angle on diffraction problem, especially on the transmission and
reflection coefficients. Results show that legs play an effective role in breakwater’s response to incident
waves and two-legged FBs could be used for achieving higher efficiencies compared to conventional
rectangular FBs. The angle parameter shows that the inverse T-type FB is the best and the II type
FB is the least good in terms of transmission coefficients. However, practical considerations might also
be considered when choosing the best FB configuration for different applications.

1. Introduction

Fixed breakwaters for many years have been
used to protect shores and increase the use of lo-
cations exposed to wave attack for different pur-
poses such as loading and unloading of cargo ves-
sels, fishing and fishing cages, military opera-
tions and most recently recreational and touris-
tic facilities. For multiple reasons, including high
cost, seabed sedimentation and negative impact
on shore ecology, floating breakwaters (FBs) were
introduced during last decades as an alternative
to fixed breakwaters. FB usually consists of a
floating pontoon with finite draft which can sup-
press waves without causing hindrance to water
flux. The movement of FB can be described by
three degrees of freedom viz sway, heave and roll.

To obtain the hydrodynamic coefficients, wave
forces and moments, and reflection and transmis-
sion coefficients of floating structures, various nu-
merical, analytical and experimental approaches
have been used. Analytically, Ursell (1949) stud-
ied the problem of long horizontal circular cylin-
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der oscillating with small amplitude in water of
infinite depth. They deduced wave amplitude
as a function of distance from the cylinder and
added mass due to the fluid motion. MacCamy
and Fuchs (1954) used an eigen-function expan-
sion method to analyze water waves interaction to
cylindrical piles and derived wave exciting forces
and moments on them. Garrison (1984) em-
ployed a Green’s function procedure to compute
the oblique wave interaction with a cylinder of
arbitrary section on the free surface in water of
infinite depth. They presented added mass and
damping coefficients for rectangular and semi-
circular cylinders and found this procedure being
accurate and efficient. Lee (1995) studied heave
radiation problem of a rectangular body and re-
alized that the non-homogeneous boundary value
problem can be linearly decomposed into a homo-
geneous one. They stated that smaller structure
submergence and larger structure width would re-
sult in larger wave, added mass and damping co-
efficients. Abul-Azm and Gesraha (2000) applied
an eigen-function expansion method to analyze a
moored FB in oblique waves. They noticed that
the hydrodynamic behaviour of a pontoon type
FB in waves has a strong dependence on the rela-
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tive dimension of the cross section, while dynamic
properties mostly rely on the inertial characteris-
tics of the structure. Zheng et al. (2004) and Shen
et al. (2005) derived an analytical solution for ra-
diation and diffraction problem of a rectangular
buoy and presented extensive results for added
mass and damping coefficients as well as the ef-
fect of bottom sill. Xu et al. (2019) studied wave
diffraction problem of a two-dimensional moon-
pool using domain decomposition scheme and the
method of eigen-function expansion. They de-
duced wave exciting forces, free surface and inter-
nal wave elevations and concluded that decreasing
density ratio has little effects on the sloshing mode
resonance frequencies but can somehow suppress
the horizontal wave exciting forces and surface
wave elevations. He et al. (2019) analyzed hydro-
dynamics of an oscillating water column (OWC)
by means of an analytical model based on linear
wave theory and matched eigen-function expan-
sion method. They introduced a two-level practi-
cal optimization strategy on power take off (PTO)
damping and proved that this strategy yields sim-
ilar wave power extraction and wave transmission
as the ideal optimization approach. Masoudi and
Gan (2020) applied both analytical and numerical
methods based on linear wave theory and consid-
ered both vertical and horizontal flat submerged
breakwaters. They demonstrated that horizontal
flat breakwater shows high reflection coefficients
over large ranges of incident wave frequencies and
could be used as an alternative to conventional
FBs.

In the framework of numerical methods , many
studies concerned FEM and BEM. As exam-
ples, Bai (1975) presented a FEM-based numer-
ical method for solving diffraction problem for
oblique plane waves incident upon an infinitely
long fixed cylinder on the free surface. Yamamoto
et al. (1980) used BEM to solve a two-dimensional
problem of the response of the moored floating
objects in water waves. They solved the bound-
ary value problem by a potential flow function.
Lau et al. (1990) solved a three-dimensional prob-
lem of the dynamics of a moored floating object
with an arbitrary cross section under the action
of regular waves by use of the finite-infinite el-

ement method. They derived satisfactory results
comparing to analytical solutions even though the
meshes used, had been rather coarse. Wu and
Taylor (1995) studied the two-dimensional nonlin-
ear time domain free surface flow problem using
time marching BEM and FEM approach. They
concluded that in many cases the FEM may be
more efficient than BEM in terms of the cost
of the simulation, but for complex geometries
BEM might be a better option. Hur and Mizu-
tani (2003) developed a volume of fluid (VOF)
method to estimate the wave forces acting on a
three-dimensional submerged breakwater. They
explained that their model reproduces the wave
forces for both non-breaking and breaking wave
conditions without empirical coefficients being
used. Michailides and Angelides (2012) studied
flexible floating breakwater (FFB), which consists
of flexible modules connected with flexible connec-
tors and linear PTO, in longitudinal and trans-
verse directions under the action of linear waves.
They deduced that the wave angle, PTO angle
and total number of the FFBs’ modules could
change the produced power dramatically. Chen
et al. (2016) built their FEM based on Navier-
Stokes equation and VOF method to study the
wave energy extraction by two-dimensional oscil-
lating cylinders in linear waves for incompressible
viscous flows. Based on wave climate off China’s
shore and building cost, they suggested that the
cylinder diameter must be twice the incident wave
height in order to obtain the best energy harvest
efficiency. Zhang et al. (2018) carried out a hy-
drodynamic analysis of a new L-type FB consid-
ering linear wave interactions using a k — € model.
They described that this L-type breakwater pos-
sesses better wave dissipation ability comparing to
IT type FBs under the same plate length. Liu et al.
(2019) adopted a lumped mass approach coupled
with smoothed particle hydrodynamics (SPH) to
study a rectangular FB equipped with protrud-
ing plates. They showed that the winged FB has
larger reflection and dissipation coefficients than
the non-winged one, showing a great improvement
for box-type FBs. Masoudi (2019) employed BEM
to study inverse T-type FB’s hydrodynamic be-
haviour in linear waves. They concluded that in-
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verse T-type FBs have higher reflection coefficient
comparing to rectangular FBs over a wide range of
wave numbers. Deng et al. (2019a) studied a novel
OWC breakwater with horizontal bottom plate
numerically with OpenFoam package and com-
pared it to their experimental results. They con-
cluded that lengthening the bottom-plate can ef-
fectively increase the energy dissipation and then
lead to lower reflection and transmission coeffi-
cients.

Previously in studies such as Gesraha (2006),
Giinaydin and Kabdagh (2007), Zhan et al. (2017)
and Masoudi (2019), two types of rectangular
FBs, so called the II type and the inverse T type,
were studied using numerical or analytical meth-
ods. In fact, these FBs could be characterized by a
more general two-legged FB configuration, which
is equipped with two external legs that could be
made by adding simple columns of steel to con-
ventional rectangular cross section breakwaters.
They could be good substitutes for other conven-
tional types of breakwaters with similar effective-
ness but using much less materials. In this study,
FBs of rectangular cross section with simple rect-
angular legs are studied numerically in water of
finite depth and infinite extent, subject to reg-
ular sinusoidal waves. After verification of the
numerical model with previous analytical stud-
ies, diffraction problem is solved to derive the
hydrodynamic characteristics including exciting
forces as well as reflection and transmission co-
efficients. In particular, a parametric study on
the expanding angle and the size of the legs are
carried out. Also a comparison of transmission
coefficients is made and the most efficient config-
uration is found. Maximum diffraction wave am-
plitudes in a wide range of incident wave frequen-
cies are also discussed in comparison with conven-
tional breakwaters.

In this study we pay our attention to regular
waves only. Mooring system is not considered. It
should be noted that for any higher order regular
or irregular waves, the hydrodynamic behaviour
and parameters may be different.

2. Method

For FBs having large length to the wavelength
ratios, fluid can be assumed to be incompress-
ible, inviscid and irrotational. It should be noted
that for very large offshore/shore platforms, in
which Reynolds number is high, the viscosity ef-
fect can be neglected compared to the inertial ef-
fect and so the fluid can be assumed irrotational
(Gesraha (2006); Deng et al. (2019b); Ghafari and
Dardel (2018); Wang et al. (2020)). Furthermore,
boundary layer behaviour, hence its separation,
is not the main interest in this study. As such,
there would be a scalar function called the ve-
locity potential ¢ that satisfies the Laplace equa-
tion as shown in Equation (1). The velocity com-
ponents and pressure then can be expressed by
Equation (2) and (3), respectively.

Vg =0 (1)
g _ 99 _ 99 _
il 8_y = 5~V (2)
96 1 P
V(E + §V¢V¢ + g9z + ;) = O, (3>

where u, v and w are velocity components in
x, y and z direction respectively. P is the dy-
namic pressure, p is water density, g is the grav-
itational acceleration and F(t). Basic problem
configuration of the breakwater and the coordi-
nate system are defined in Figure 1. It is assumed
that a linear wave with amplitude A; and angular
frequency w = 2x/T;, in which 7; is incident wave
period, propagates in a direction at an angle 6 to
the +x axis. The total potential ¢, is composed
of incident wave potential ¢;, diffraction poten-
tial ¢4, and radiation potentials ¢,. The incident
wave potential for a regular sinusoidal wave can be
written as ¢; = ;(z, 2) exp(jkysin ), in which:

JjgA; cosh[k(z + h)] ,
R k 6
@i 5 cosh(kh) exp(jkx cosb),

(4)

where £ is the wave number, j is unit imaginary
number and A is the depth of water. Also
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w? = gk tanh(kh), (5)

is known as the dispersion equation. The diffrac-
tion potential ¢4 is induced by the interaction of
incident wave and the breakwater. The induced
potential from the motion of structure in three de-
grees of freedom is known as radiation potential

or.

Incident wave

Transmitted wave

- g —

|

Figure 1: Problem configuration and coordinate system
for a two-dimensional rectangular FB.

Referring to Figure 1, the problem is consid-
ered as two-dimensional. That is, motions are re-
stricted in heave, sway and roll, denoted as indices
1, 2 and 3, respectively. Hence the total potential
¢, could be expressed as:

3
G =i+ Pat Y OF (6)
L=1
where L refers to the assigned motion number and
®L is the radiation potential of the L™ motion.

The unknown terms ¢4 and ¢~ are addressed next.

The diffraction term ¢q4

The linear diffraction term and its boundary
conditions can be expressed by the oscillatory
function:

(7)

¢d<$, Z, y) = (,Od(QZ, Z) eXp(jky sin 0)?

9pa _

dpa - i

an - an (OH SO)7 (10)
lim |22 4 jkcost pa| =0. (1)
z—oo | Or

The boundary value problem here for diffrac-
tion potential is defined by the governing Laplace
equation and then the boundary conditions are
defined from Equation (8) to Equation (11),
where n is the unit normal vector outward the
body surface and Sy is the wetted surface of the
breakwater.

The radiation term ¢t

In the framework of the linear theory, the radi-
ation term and its boundary conditions can be de-
scribed by the following oscillatory radiation po-
tentials:

O (2, 2,y) = —jwAL OF (2,2) exp(jkysin),

(12)
opl w?
r Y ol (2= 1
9. g ¥ 0 (2=0), (13)
Oy _
5, =0 (z=-h), (14)
a L
;; = 51,L - ($ - $0)53,L
(= —d, |2 < a/2), (15)
8 L
% = 52,[, + (Z — 20)53’[/
(—d<2<0 ,|z|] =a/2), (16)
. 5’907% . Ll _
xh_}rgo [E + jkcos® gpr] =0, (17)
where
1 =y
R TR
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The amplitude of the L™ motion is denoted
by AL and (x¢,z0) is the body centroid. Also,
g, is known as Kronecker delta. The boundary
value problem here for radiation potential is de-
fined by the governing Laplace equation and then
the boundary conditions are defined from Equa-
tion (13) to (17).

Hydrodynamic coefficients and wave forces

The wave force perpendicular to the incident
wave is denoted as F},,, which is independent of y
or time, and can be calculated from the incident
and diffracted wave potentials as:

F,. = pjw/ (a + @i) Ny ds, (19)
So

in which n, is the generalized inward normal to
the structure in x — 2z plane with ny = n., ny = n,
and n3 = (z — z9)n, — (x — xo)n, with n, and n,
being the unit inward normal to the surface of the
body. Also, C'F,, is the exciting force coefficient
which is a non-dimensional form of F, given by:

[P | u=1,2
CF, = Pga|6}lwAi| (2())
Wl =3
0.5pga’dA; “

Transmission coefficient (T},) is defined as the
amplitude of the transmitted wave to that of the
incident wave. Reflection coefficient (R,,) is de-
fined as the amplitude of the reflected wave to
that of the incident wave. Longuet-Higgins (1977)
proposed horizontal drift force (F}) in terms of the
reflection coefficient as:

Fy = (%) (1+ R, =T7) = (Efg) R, (21)

where ¢, is the wave group velocity, c is the
phase velocity, £ = %pgAiz is the wave energy.
The exciting force coefficients are calculated using
Equation (20) and the transmission and reflection
coefficients are evaluated using Equation (21).
The far field method proposed by Newman et al.
(1967), which is based on momentum conserva-
tion, is used for calculating steady drift. More
details of this method could be found in Newman
et al. (1967) and Lee and Newman (2005).

3. Results

The numerical panel method in ANSYS
AQWA is used for carrying out the hydrody-
namic analysis in frequency domain. In this
method, the submerged part of the structure is
divided into a finite number of panels on which
the hydrodynamic pressures, added mass and
damping coefficients of the body are calculated
by the potential flow theory. More information
on this method including formulation, boundary
conditions and the discretization scheme could be
found in Lee and Newman (2005). In this study,
wave forces and diffraction analysis are evaluated
using ANSYS AQWA diffraction analysis system,
based on the linear wave theory.

For verification purposes, a typical rectangular
FB in a domain of h/d = 2 and a/2d = 1,3 with
zero angle of incidence (0 = 0) is considered. Fig-
ure 2 shows the exciting force coefficients (C'F},)
compared to the analytical studies of Black et al.
(1971) and Zheng et al. (2004). Evidently, very
good agreement is achieved.

The maximum element size in this numerical
scheme is explicitly related to the maximum wave
frequency considered in the diffraction analysis.
For this purpose, after testing a number of max-
imum element size, the nearest value to the de-
sired frequency range (0 < f; < 0.3 Hz) is chosen.
Desired frequency range is calculated according
to Equation (5) with respect to the desired wave
number to cover a range of response, similar to
previous studies. Also despite of the fact that
CF, is nondimensionlised with respect to A; ac-
cording to Equation (20), for evaluation purposes,
throughout the present study it is assumed that
A, =1m.

General two-legged FBs

Figure 3 shows a general configuration of the
two-legged rectangular FB. Cases of &« = 0 cor-
respond to the II type FBs and a = 90° to
the inverse T type. For analysis purpose, di-
mensionless parameters including a/h, h/dy, e/ f,
a/f and « are considered, but not for the effect
of breakwater weight, similar to previous stud-
ies like Zheng et al. (2004). It must be pointed
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Figure 2: Result comparison of the present study on exciting force coefficients CF,, on FB of (a) a/2d = 1 and (b)
a/2d = 3 with analytical results of Zheng et al. (2004) and Black et al. (1971) for heave (u = 1), sway (u = 2) and roll

(u = 3) motions/directions (h/d = 2,6 = 0)

out that given the same material, altering any
of those dimensionless parameters will result in
weight change in reality. Adjusting those param-
eters without the weight means that the weight
changing is automatically accounted for in the fi-
nal result. Although this could be helpful for il-
lustration purpose, the true hydrodynamic effect
of those parameters cannot be isolated. Since
weight, hence the material selection, is usually
considered as one of the most important factors
in breakwater design, its effect must be consid-
ered separately. To limit the scope of the current
study, the analyses here are for constant weight,
i.e. the cross sectional area below the water level
is constant for all the cases considered. Also
dy = di; — fcos(a) — esin(a) is a dependent pa-
rameter on d; and so is not considered as a main

parameter in this study. 333

AZ
Incident wave

Transmitted wave

Y=

Figure 3: Basic configuration and coordinate system for
rectangular two-legged FB

In analyzing two-legged FDBs, it should be
noted that flow separation is likely to occur in
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Figure 4: Transmission coefficient comparison of (a) a = 0 of the present study (a/h = 1,h/dy = 2,e¢/f = 1,a/f = 4)
compared with Carr’s formula (Carr, 1951) and Macgano’s formula (Macagno, 1954) and (b) a = 90° of present study
(a/h=0.4,h/dy =3,e/f =0.25,a/f = 2) compared with the experimental results of Zhang et al. (2018) for e/f =~ 0.

real-world applications and therefore boundary
layer effect becomes important. Here, this effect
is not taken into consideration following a num-
ber of studies (such as Gesraha (2006), Cho (2016)
and Deng et al. (2019b)) at similar working condi-
tions. Moreover, our results are validated against
previous studies in two cases of legged-FBs of
a =0 and a = 90°. For o = 0, Kolahdoozan
et al. (2017) showed that Carr’s transmission co-
efficient formula, which was firstly proposed by
Carr (1951), matched satisfactorily with the ex-
perimental data for intermediate waters, and that
Macgano’s formula proposed by Macagno (1954)
could be used for deep waters. In Figure 4 (a),
both formulas are compared to the present results,
which demonstrates reasonable agreement. Com-
parison with the experimental results of Zhang
et al. (2018) is also presented in Figure 4 (b) for
a = 90° which also suggests acceptable agree-
ment in spite of the slight difference in the e/ f
values. It should be mentioned that the condi-
tion e/f = 0 in Zhang et al. (2018) could not
be adopted for the current study based on the
limitations of the panel method, and therefore
e/f = 0.25 is used for this figure.

Leg angle (o) effect

To investigate the leg angle effect, a FB in a
domain of a/h = 1, h/dy = 2, ¢/f = 1, and
a/f = 4 is considered. Also « is assumed to be

dispensed in six equal increments from zero giving
a = 0,15°,30° 45° 60°, 75°,90°. The center of
rotation for all breakwaters is at (0, zo) in which
2o is considered to be the center of buoyancy.

Figure 5 illustrates the variation of C'F,, with
respect to kh in three degrees of freedom. Ap-
parently, increasing « results in decreasing C'F}
at low kh values before a large increment for
a > 45°. On the contrary, C'F, increases at low
kh but decreases at kh > 1 for all . Maximum
C'F, increases with increasing «. Also increasing
« results in moment (C'F3) increment for a > 45°
but decrement for o < 45°.

Figure 6 displays the effect of the transmis-
sion and reflection coefficients on «, according to
Equation 21. Firstly, it is obvious that the effect
of a is weak, in line with the fact that cross sec-
tional areas are equal in all the cases. Secondly,
increasing « leads to decreasing T, and increasing
R,, for water depth, which means that in general,
increasing the leg angle could enhance breakwa-
ter’s efficiency in linear waves. Also, the inverse
T type and the II type FBs are the most and the
least efficient two-legged FBs in this respect. Fur-
thermore, considering the fact that for kh > 5 the
reflection coefficients for all cases go to unity ap-
proximately, using different configurations in deep
water or very high wave numbers would result in
the same transmission coefficient.
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Figure 5: Leg angle effect on exciting force coefficients. (a/h =1,h/dy =2,e/f =1,a/f =4)
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Figure 6: Leg angle effect on transmission and reflection
coefficients. (a/h =1,h/dy =2,e/f =1,a/f =4)

Leg size (e/f) effect

Here we consider the dimensionless parame-
ter e/ f, in which e denotes the leg width and f
its length. Assuming d» > 0 for all the cases,
eight different values of e/f between 0.6 and 1.4
are considered to be compared to e/f = 1 in the
previous section. Also, « is fixed at 45°. Other o
should demonstrate similar trend since a/ f is held
constant. Figure 7 shows the exciting force coeffi-

cients varying upon the leg size. C'F} shows little
difference for all the cases for kh < 2.45. How-
ever, after that, increasing e/f causes increasing
vertical exciting force. CF, on the other hand
shows a very opposite trend. For kh < 2.45, all
the cases share identical horizontal exciting force,
but for kh > 2.45, increasing e/ f results in di-
minishing C'F,. Moreover, according to Figure 7
(¢), maximum exciting moment increases as e/ f.
The effect of e/ f on C'F; is more pronounced for
kh > 2.45, apparently as a result of the opposite
behaviour of C'F} and CF5.

Figure 8 shows the variation of transmission
and reflection coefficients on e/f. It is clear that
the effect is almost negligible. Note that the
weight effect is eliminated. The effect of width
is also removed by considering a/ f constant in all
cases. As a conclusion one might understand that
e/ f has almost no effect on transmission and re-
flection coefficients. However it takes effects on
exciting force coefficients as shown in Figure 7
which is vital in mooring design and configura-
tion.
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4. Discussion

It is suggested in the previous section that «
has considerable effect on T,,, R, and CF,, and
hence the efficiency of the FB. The ratio e/f,
however, takes a weak effect on the two coeffi-
cients but some upshot on C'F,,. In order to have
better understanding of the hydrodynamic per-
formance of the breakwaters, Figure 9 illustrates
the projection area (in length) of the FB along z
(A,.) and z (A,;) directions. A, is normalised by
the square root of the cross sectional area. Ap-

parently increasing «, holding constant e/f = 1,
leads to monotonic decrease of A,, but A,, be-
haves in a parabolic manner and and peaks at
a =~ 45, On the other hand, increasing e/f in
constant a = 45 leads to decreasing A,, and A,..

Figure 5 which shows the « effect on C'F, re-
veals some physical properties of two-legged FBs.
According to Figure 5 (a), C'F} in normal rect-
angular FB and a < 15° continuously decreases
over the tested kh range. However, for a = 30°
a hump appears at Ehpymp ~ 3.5. This should
be because of the vertical force component on the
legs. So as « increases this vertical component,
F, cos(a), increases and reaches its maximum at
a = 90°. Also as « increases, the average draft
of the projected area along the z direction, A,.,
decreases, which promotes the hump in C'F; as
well. The main physical reason for this hump to
occur is that the wave energy (summation of the
diffraction and incident waves) gets weaker as the
average draft increases. Therefore having lower
draft will result in higher pressure distributions
which leads to larger C'F. Furthermore, khpym
decreases with increasing «. It infers that low fre-
quencies or large wavelengths of incident waves
induce stronger vertical component of the excit-
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ing force. This is attributing to the fact that for
high frequency waves in which multiple crests and
troughs impact on a certain surface, the total ver-
tical pressure component would be close to zero.
Nevertheless for low frequencies, especially when
wavelength is less than the projected length, the
net vertical force will be larger. Here as the height
of the water is different in each case, khpym,p is di-
verse.

The horizontal force coefficient in Figure 5 (b)
can be considered as two parts, kh < 2.4 and
kh > 2.4. As « increases, horizontal force C'F; in-
creases accordingly in the first part, but decreases
in the second part. It means that in low frequen-
cies of the incident wave, high a values lead to
larger C'F5, but opposite for high frequencies. As
a matter of fact, according to Figure 9, increas-
ing o coincides with decreasing A,., hence weaker
horizontal force impact for kh > 2.4. For kh < 2.4
low frequency waves induce larger forces (glob-
ally) on the body due to asymmetric pressure dis-
tribution. Also, for 0° < a < 75° there are two
projected surfaces along z direction on each side
of the leg, which takes opposing horizontal force
components, one in (+z) direction changing with
cos(a) and one in (—z) direction changing with
sin(a). So for kh < 2.4, C'F; increases with o and
finally the term associated with sin a vanishes as
a = 90°. This leads to higher C'F, magnitude as
shown in Figure 5 (b). Figure 5 (c) suggests that
for small wave number range kh < 7.5, the the
structure becomes unstable for large «, i.e. for
a = 90° the maximum exciting moment is 50%
larger than that in conventional FBs.

In Figure 7 (a) similar humps start at
kRpump =~ 2.3. For smaller kh, C'F} in all the
cases are nearly identical. For larger kh, C'F;
increases with e/f. It may also be explained by
the total wave energy distribution. Although case
e/f = 1.4 has the lowest A,, (very weak differ-
ence), the vertical force is larger for kh > 2.3.
This is because in this case draft (d) is much
lower comparing to other cases and therefore the
induced pressure is much stronger. Recalling the
fact that most of the wave energy is on the water
surface, as draft increases, less energy would be
induced to the body in z direction. In addition,

increasing e/ f results in decreased d because of
the constant weight. Consequently, for other
cases like e/f = 0.6, in spite of larger A,,, the
draft is high but the wave energy exerts on the
body in the z direction is not as large as in

e/f =14
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Figure 9: Dimensionless projection area (in length) along
x and z directions for e/ f and « series presented is section
3

Figure 7 (b) shows that all cases share simi-
lar maximum horizontal exciting force coefficient.
This is due to the fixed « leading to analogous
force decomposition in z and z direction. For
large kh, C'F, diminishes as e/f increases be-
cause of the symmetric pressure distribution on
the body in high frequency waves. However higher
e/f values lower C'F,, which is a direct conse-
quence of increasing projected area along z direc-
tion with decreasing e/f. Another observation is
that increasing e/f vanishes C'F; at smaller kh.
In practice this means larger e¢/f do not result in
higher maximum horizontal exciting forces. This
however, gives rise to higher vertical force accord-
ing to Figure 7 (a). Figure 7 (c) shows exciting
moments for different e/f. The trajectories are
a direct result of horizontal and vertical forces,
which are discussed above.

Figure 6 and Figure 8 show the behaviour
of T,, and R, respectively. Obviously, leg size
has little effect on the two coefficients. On the
other hand, leg angle effect is considerable. Prac-
tically, it suggests that efficiency increases with
a for given leg length and breakwater weight. In
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Figure 10: Dependence of the leg angle effect on the effi-
ciency (based on Ty,) of the breakwater compared to nor-
mal rectangular FB (a/h = 1,h/dy = 2,e/f = 1,a/f = 4).

order to illustrate leg angle effect in various kh
conditions, Figure 10 is shown, which represents
the change in T,, compared to the normal rect-
angular FB of the same weight. It shows that
at a = 90°, efficiency can increase by ~ 30%
for kh = 1.5, which is significant. On the con-
trary, a = 0 experiences = 30% efficiency drop
at kh = 2. In general, for all kh values, effi-
ciency is largely proportional to a. Accordingly
one may speculate that increasing o beyond 90°
could have an even better efficiency gain. How-
ever, since at some « in that range, the legs will
break through the free surface, the variation and
behaviour of transmission and reflection coeffi-
cients will be much more complicated, which de-
serves a comprehensive study. Other parameters
which can affect the efficiency of the breakwater
are a/h,h/d;. These parameters have been stud-
ied extensively for different types of breakwaters
including floating and submerged (Dong et al.,
2008; Pena et al., 2011; Masoudi and Zeraatgar,
2016; Masoudi and Gan, 2020). In these stud-
ies, the width of the breakwater is reported to be
the governing parameter for transmission and re-
flection coefficients. In the context of the present
study, increasing the draught of the breakwater
for constant weight might lead to a smaller width
and in that case it will result in a lower efficiency.

The main factor to determine the behaviour
of T,, and R,, in different wave frequencies is the

diffraction wave formation on the FBs. Figure 11
(a,b) show the dimensionless diffraction wave am-
plitude (A44/A;) alongside the body in z axis for
phase angle /2. It can be noticed that e/f has
weak effect on the wave amplitude, whilst large a
induces large diffraction waves on the body, which
lower the transmission coefficient and therefore in-
crease the efficiency. Figure 11 (c,d) also show
the dimensionless maximum diffraction wave am-
plitude for different incident wave frequencies ( f;)
separating the o and the e/ f effects for zero phase
angle. Both figures show that A, /A; converges
to =~ 1.2 at high frequency. The convergence of
Aqg,... /A was also observed in Masoudi and Gan
(2020) for submerged breakwaters and shows a
minimum transmission coefficient almost zero in
high incident wave frequencies (f; > 0.3 in this
case). Comparing (c) and (d) reveals that larger
« leads to higher A, . /A; and this is the main
reason for diminishing 7}, in Figure 6. The weak
dependence on e/f is in line with the small T,
variation in Figure 8.

Furthermore, the hump observed in CFj in
Figure 5 and Figure 7 coincides with the trough in
Ag,.../A;. Tt can be concluded that the hump in
the exciting forces (which are integrals of incident
and diffraction wave potentials over the projection
length according to Equation 20) is directly con-
nected to the hump in diffraction wave amplitude.
There is almost no hump observed in o < 30° and
it well agrees with Figure 5 (a). In o = 30° a small
change in A, /A; appears in f; ~ 0.06—0.15 and
as « increases, this change becomes larger. Glob-
ally, an increase in diffraction wave amplitude can
be observed which is responsible for lower T, in
high a. Locally, a hump which starts from fp,mp
in all the « cases can be considered as the main
reason for the hump in C'Fj.

The reason for the trough and crest emerging
in Ay, /A; trend at f; &~ 0.06—0.15 is most likely
related to the linear intrinsic essence of diffraction
problem. As a linear problem the total velocity
potential (¢;) can be divided into single potential
components (¢4, ¢, and ¢;) as shown in Equa-
tion (6). The diffraction potential itself (¢4) has a
similar behaviour. In case of a two-legged FB, the
total diffraction potential can be assumed to be
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Figure 11: (a,b) Dimensionless diffraction wave amplitude Ayz/A;. (a) (a/h = 1,h/dy = 2, a/f =4, e¢/f = 1 and
a =0, 45° 90°) and (b) (a/h =1, h/dy =2, a =45°, a/f =4 and e/f = 0.6,1,1.4) all in f; = 0.11 Hz and phase

angle of 7/2 ; (c,d) Dimensionless maximum diffraction wave amplitude Ag4

/A; on two-legged FBs of (¢) (a/h =

max

1, h/dy =2, a/f =4, ¢/f =1 and a = 0,15°,30°,45° 60°, 75°,90°) and (d) (a/h =1, h/dy =2, a/f = 4,a = 45" and

e/f =14-1.2-1.0-0.8—0.6) all in zero phase angle.

composed of the potential induced by each leg and
the potential induced by the mid-body. So there
are three potential terms and three diffraction
wave amplitudes. The amplitude that is shown in
Figure 11 is a summation due to the interaction
of those amplitudes and that is why it does not
follow the logarithmic normal trend of Ay, . /A;.
More investigation in this field is needed to fur-
ther clarify such phenomena and their effects on
the hydrodynamic performance of FBs.

5. Conclusions

In this study two-legged FBs with rectangular
cross section in finite water depth in regular waves
are studied for further implementation. For a con-
stant total cross sectional area, leg angle and leg
size as most important parameters are analysed

and their hydrodynamic effects are quantified by
a numerical panel method. The following conclu-
sions can be drawn:

e The leg size parameter e/ f has little effect
on diffraction wave amplitude and so the
transmission coefficient. On the other hand,
the leg angle a has a considerable effect.

e The diffraction wave amplitude plays an im-
portant role in breakwater’s hydrodynamic
performance in sinusoidal waves and con-
figurations that produce larger diffraction
waves are more efficient. Diffraction wave
amplitude however depends on many fac-
tors, but this study shows that in two-legged
breakwaters, leg angle o takes more effect
than leg length.
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e A hump in vertical exciting force for mod-
erate dimensionless wave numbers kh may
happen due to the force (CF,) decomposi-
tion of the legs and higher diffraction wave
amplitudes. This hump mostly depends on
leg angle («) rather than leg length (e/f)
and it occurs in lower kh values for larger
leg angles.

e Two-legged breakwaters can be better alter-
natives to conventional rectangular FBs. It
is suggested that they can increase the effi-
ciency of the breakwater in the same weight
up to 35%. Among two-legged breakwaters,
the inverse T type FB (a = 90°) has the
best and the IT (o = 0) type breakwater
has the least efficiency in a vast range of
incident wave frequencies.
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