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Abstract

In this paper, hydrodynamic characteristics of two-dimensional submerged breakwaters in water of
finite depth and infinite domain interacting with sinusoidal waves are studied from both analytical and
numerical approaches. Added mass and damping coefficients are obtained following the determination
of radiation potentials in three degrees of freedom (sway, heave and roll). Diffraction problem is then
solved according to the linear wave theory and the resulting forces are derived. To verify the results, a
comparison of the solution from the analytical method with those obtained by the boundary element
method is made and a good agreement is observed. Additionally, high aspect ratio horizontal and
vertical flat submerged breakwaters are proposed and their hydrodynamic characteristics are analyzed
using the numerical and analytical methods. Results show that the horizontal flat submerged break-
water generates low transmitted waves. However, the vertical flat submerged breakwater transmits
almost the entire incident wave energy. A parametric study on the effect of submergence depth and
the width of the structure on the maximum diffraction wave amplitude, which is responsible for the
transmitted wave energy, is carried out and a better understanding of the variation of diffraction wave
amplitudes with respect to dominant parameters and wave frequency is achieved.

1. Introduction recent years, several floating breakwaters (FBs)
are employed in coastal areas all over the world.
Submerged breakwaters (SBs) were also a field of
interest to many researchers. FBs and SBs usu-
ally consist of a floating pontoon with finite draft
which are exposed to hydraulic waves. Motions of
these breakwaters are usually constrained to three
degrees of freedom. That is sway, heave and roll.

In the framework of numerical methods to
study breakwater’s performance in waves, finite
element method (FEM) and boundary element
method (BEM) are two popular and effective ap-
proaches which have been widely applied to break-
water performance analysis. As far as FEM and
BEM are concerned, there are many published
studies. As examples, Yamamoto et al. (1980)
used BEM to solve two-dimensional problems of
*Corresponding author the response of the moored floating objects to wa-
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(Esmaeel Masoudi), lian.gan@durham.ac.uk (Lian Gan)

The development of coastal or inland waters
may often depend on sea behaviour at a specific
site. Breakwaters of various dimensions and con-
figurations have been widely employed to increase
the use of locations exposed to wave attack. The
main purpose of installing a breakwater is to re-
duce wave height to an acceptable level with re-
spect to usage of the site. The increase in the
number of private pleasure crafts and small vessels
has engendered a demand for more sheltered sites.
Affordability and required level of wave protec-
tion would often dictate possible breakwater al-
ternatives. Rubble mound breakwaters have been
widely used to attenuate surface water waves. In
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lem numerically by direct use of Green’s identity
formula for a potential function. Their results
mostly focused on mooring configuration effects
on wave attenuation characteristic of the float-
ing body. Li et al. (1991) employed finite - in-
finite element method to obtain hydrodynamic
exciting forces in regular waves. They utilized
the inhomogeneous far field boundary conditions
and the higher order asymptotic solutions to ob-
tain second order diffraction forces and wave run-
up profiles on a vertical cylinder. Their method
showed better agreement with experimental re-
sults compared to the predictions from the lin-
ear theory. Sannasiraj et al. (1995) applied FEM
to investigate the radiation and diffraction prob-
lem of a horizontal FB under the action of multi-
directional waves. They evaluated wave exciting
forces and relative induced responses using linear
transfer-function approach for a rectangular cross
section floating structure. The force and response
ratio were also obtained in their study for fre-
quency dependent-independent cosine power type
directional spreading functions. Sannasiraj et al.
(2001) also used the same finite element tech-
nique to study multiple floating structures. Wu
and Taylor (2003) used coupled FEM and BEM,
based on the combination of their strengths, to
study nonlinear interactions between waves and
bodies. They introduced auxiliary functions to
decouple the mutual dependence of the body ac-
celeration and hydrodynamic forces. Present-
ing their results for submerged circular and el-
liptical cylinder, they asserted that their numer-
ical scheme could also be used for floating struc-
tures. Kunisu (2010) compared the results of
BEM with those from experiments and studied
the wave forces on a submerged floating tunnel.
Evaluating exciting forces on a submerged circu-
lar cylinder using BEM as well as the well-known
Morison’s equation, they concluded that the in-
ertia forces are dominant in large circular cylin-
ders only when the Keulegan—-Carpenter number
is less than 15 for all incident wave frequencies.
Chen et al. (2016) built FEM based Navier-Stokes
equation and volume of fluid (VOF) method
to investigate wave energy extraction by two-
dimensional oscillating 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. Zhan et al.
(2017) applied zonal hybrid Reynolds averaged
Navier-Stokes (RANS)/laminar method with a
new meshing strategy to investigate hydrody-
namic performance of an inverse T-type break-
water. They investigated heave and pitch trans-
fer functions as well as transmission and reflec-
tion coefficients for floating and fixed breakwa-
ters in regular and irregular waves. Tabatabaei
and Zeraatgar (2018) utilized FEM for studying
a moored pontoon type FB considering response
amplitude operators (RAOs). They suggested
that in spite of the fact that rectangular FBs are
more commonly used in industry, circular FBs
should also be considered for their better hydro-
dynamic performance in a wider range of incident
wave frequencies. Masoudi (2019) employed BEM
to study inverse T-type FB’s hydrodynamic per-
formance in sinusoidal waves. It was concluded
that inverse T-type FB has lower transmission co-
efficient than rectangular FB over a wide range of
incident wave frequencies and so could be consid-
ered for practical applications.

Analytical methods have also been used in
many studies, some of which are mentioned next.
Garrett (1970) discussed about the excitation of
waves inside a partially immersed open circular
cylinder. He considered incident plane wave ex-
panded in Bessel functions and for each mode
he formulated the problem in terms of the ra-
dial displacement on the cylindrical interface be-
low the cylinder. He deduced that the phase of
the solution is independent of depth and reso-
nances are found at wave-numbers close to those
of free oscillations in a cylinder extending to the
bottom. Garrett (1971) also discussed scattering
gravity waves by a circular cylinder in order to
determine the horizontal and vertical forces as
well as torques on a dock. He discussed that
the phase of the solution is independent of depth
and so may be obtained from an infinite set of

real equations, which were solved numerically by
Galerkin’s method. Hulme (1982) derived added
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mass and damping coefficients and wave force act-
ing on a floating hemisphere oscillating in incom-
pressible inviscid fluid. Wu and Taylor (1990) and
Wu (1993) solved second order diffraction and ra-
diation problems for a horizontal cylinder in finite
water depth. They stated that for horizontal os-
cillation motion of the cylinder, the first-order po-
tential is asymmetric but the second-order poten-
tial is symmetric. Berggren and Johansson (1992)
presented hydrodynamic coefficients of a wave en-
ergy device consisting of a buoy connected to a
submerged plate. Lee (1995) studied the heave
radiation problem of a rectangular structure in
which non-homogeneous boundary value problem
is linearly decomposed into a homogeneous one.
They showed that the presented solution satis-
fies the non-homogeneous boundary condition in a
sense of series convergence. They also found that
smaller structure submergence and larger struc-
ture width would result in larger waves, radia-
tion added mass and damping coefficients. Hsu
and Wu (1997) compared BEM with their an-
alytical method for analyzing hydrodynamic co-
efficients of an oscillating rectangular structure
with a side wall and concluded that the reso-
nant behavior would appear when the clearance
between the sidewall and the structure equals
integer times of half wave length generated by
the oscillating structure. Abul-Azm and Gesraha
(2000) used an eigen-function expansion method
to study a moored FB in oblique waves. They
deduced that hydrodynamic performance of the
pontoon type FB in wave reflection or transmis-
sion has a strong dependence on the relative di-
mension of the cross section, while dynamic prop-
erties mostly depend on inertial characteristic.
Williams et al. (2000) proposed an appropriate
Green’s function to study hydrodynamic proper-
ties of a pair of long floating pontoon breakwaters
of rectangular section restrained by linear sym-
metric moorings. They showed that wave reflec-
tion properties of twin pontoons depend strongly
on their width, draft and spacing and the moor-
ing line stiffness, while their excess buoyancy is
of less importance. Zheng et al. (2004a,b) derived
an analytical solution for radiation and diffraction
problem of a rectangular buoy and presented ex-

tensive results from added mass and damping co-
efficients and the effect of sidewall. Masoudi and
Zeraatgar (2016) employed the method of separa-
tion of variables, including eigen-function expan-
sion method, in which radiation and diffraction
problem is solved in three sub-domains in order
to study hydrodynamic characteristics, such as
added mass and damping coefficients as well as ex-
citing forces, of a two-dimensional rectangular FB
in water of finite depth and infinite domain. Deng
et al. (2019) used a semi-analytical method to
study hydrodynamic performance of a T-type FB.
The effects of the height and setup position of ver-
tical screen on the dynamic response and hydro-
dynamic characteristics of the breakwater are dis-
cussed. Mohapatra and Soares (2019) derived the
three-dimensional Green’s function and Fourier-
type expansion formula for analyzing wave reflec-
tion by a rigid vertical wall with a floating and
submerged elastic plate. They used linear struc-
tural response and thin plate theory to obtain hy-
droelastic response of the structure and concluded
that mitigation of hydroelastic response of float-
ing structures depends significantly on modes of
oscillation, mooring stiffness, compressive force,
rigidity and suitable positioning of the submerged
horizontal flexible membrane.

Analytical solution is normally approached by
dividing the whole domain to sub-domains and
then approximating the velocity potentials in each
sub-domain using orthogonal functions. After the
boundary conditions are satisfied on the whole
domain and on the common boundaries between
sub-domains, the unknown coefficients in orthog-
onal functions are solved and the velocity poten-
tials become explicit in sub-domains. Having de-
termined the velocity potentials and wave char-
acteristics on both sides of the breakwater body,
the transmission and reflection coefficients are ob-
tained. Although assumptions are usually in-
volved for simplification reasons, the results are
explicit.

High aspect ratio SBs which could be made
by a simple flat thin plate of steel are expected to
be good substitutes for other conventional type
of breakwaters having larger volume of materials.
The former could be moored using typical moor-
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ings such as catenary lines by adding buoyancy
aids to the structure. In this study, two types
of two-dimensional rectangular high-aspect ratio
flat SBs (horizontally and vertically) submerged
in water of finite depth and infinite extent sub-
jected to regular sinusoidal waves are analytically
studied by solving the velocity potential equations
using the separation of variables method. Similar
to other analytical approaches, turbulence effect
are neglected. The method of separation of vari-
ables is firstly verified by a typical conventional
SB geometry Zheng et al. (2007). Additionally,
BEM using ANSYS AQWA software is employed
to solve diffraction and radiation problems for
comparison. Next, hydrodynamic characteristics,
including exciting forces as well as the reflection
and transmission coefficients are analyzed. In par-
ticular, a parametric study on the main parame-
ters e.g. submergence depth and the width of the
breakwater are carried out in order to estimate
their effects on the diffraction wave amplitude,
which is a dominant parameter of the transmis-
sion coefficient. Finally, the establishment of the
diffraction wave is discussed and its effect on hy-
drodynamic performance is concluded.

2. Method

For large breakwater length to the wavelength
ratios, fluid is assumed to be incompressible, in-
viscid and irrotational. As such, the velocity po-
tential ¢ satisfies the Laplace equation as shown
in Equation (1). The velocity components and
pressure can then be expressed by Equation (2)
and Equation (3), respectively.

Vg =0 (1)
¢ _ 99 _ 99 _
3_x_u 8y_v 8z_w )
do  1_ , P
E+§V¢ —i—gz—l—;—O, (3)

where u, v and w are velocity components in x, y
and z direction respectively. P is the dynamic
pressure, p is water density and ¢ is the gravita-
tional acceleration. Basic problem configuration

of the breakwater and the coordinate system are
shown in Figure 1. It is assumed that a linear
wave with amplitude A; and angular frequency
w = 27 /T; propagates in a direction at an angle
to the 4z 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(jky sin6), in which:

_ jgAi coshlk(z + )]
w cosh(khy)

Y = exp(jkxz cosf) (4)
where k is the wave number, j represents unit

imaginary number and h; is the depth of water.
Also

w? = gktanh(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 motions of structure in three
degrees of freedom are known as radiation poten-
tial ¢,.

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
b1 =i+ dat > O

L=1

(6)

where L refers to the assigned motion number and
®L is the radiation potential of the L™ motion.
The unknown terms in the above equation are ¢q4
and ¢~ which will be addressed next.

The diffraction term ¢q

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

¢a(,2,y) = pa(, 2) exp(jkysind)  (7)
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Incident wave

Transmitted wave

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

0
G =0 (= =) (9)
dpd . Do
= on (on Sp) (10)
. dpa | . .
lim B + jkcosf ps| =0 (11)

T—00 T

The boundary value for the diffraction poten-
tial is defined by the governing Laplace equation
and 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 ¢F

In the framework of the linear theory, the ra-
diation term and its boundary conditions can also
be described by the following oscillatory radiation
potential and boundary conditions.

O (@, 2,y) = —jwAL oF (2,2) exp(jkysinb)

(12)
ool W2
Ge ~ o =0(=0)  (13)
a L
=L =0 (2= —h) (14)

o L
air = 51,L - (33 - 900)53,L
(z=—s1 orz=—d,|z| <b) (15)
o L
52” = 52,L + (Z — 20)537L
(—d<z< —s1 ,|z|=0b) (16)
. dpp L| _
xh_{rolo { . + jkcos® %} =0 (17)
where
1 =y
dw—{ 0 x4y (18)

The amplitude of the L™ motion of the body
is denoted by AL and (g, z) is the body cen-
troid. The boundary value can be defined by
Equation (1) and the boundary conditions are de-
fined from Equation (13) to Equation (17).

Separation of Variables Method

Referring to Figure 1 the domain is divided
into four sub-domains denoted by I, II, IIT and IV.
Applying the separation of variables method gives
the complex spatial potentials in each sub-domain
expressed in terms of orthogonal series as below
(Zheng et al., 2007). For the diffraction term,
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velocity potentials are given from Equation (19)
to Equation (22) for regions I to IV, respectively.

Ya, = ZAIM e @) cos[\, (24 h1)]  (19)
n=1

eﬂn $+b)

:—SDZ—FZ

+ BQn 6_“"(”” "] cos[By (2 +ha)] (20)

o= 3 Ay, ) cosx, (x4 hy)]  (21)

n=1

eln (z+b)

=it Z
+ B4n e_””(fc b)] coslay, (z+s1)] (22)

For the radiation term, velocity potentials are
given from Equation (23) to Equation (26) for re-
gions I to IV, respectively.

ok = ZAL e @Y cos(\, (24 )] (23)

eﬂn $+b)+

or, + Z

BQLn e Hnl@= b)] cos|B, (z+ h1)] (24)

SDTQ

ok = Z AL @) cog N, (2 4+ hy)]

(25)
n=1
or, = somﬁZAfn onlHh) g
n=1
BL emvn @] cos|ay, (2 + s1)]  (26)
301 In the equations above, eigenvalues

302 (Yns s By Ans Un, ) are given by:

A = —jk, ktanh(kh;) = — n=1  (27)
g
W2
Aptan(A,hy) = —— n =23, ... (28)
g
2
a1 = —jk’l, 1{31 tanh<k181> =— n=1 (29)
W2
anp tan(a,sy) = —— n=2,3, (30)
g
(n— 17
=TT 1,23 31
po= 0T, (31)
— ik =k n=1
n = 32
! { Vai+kt n=2.3,.. (32)
| Jjkcost n=1 (33)
VUV R n=23,
ko n = 1
“”_{ JELR n=23 . (34)

Furthermore, in Equation (24) and Equa-
tion (26), gofzp and gpﬁlp are particular solutions
for the L™ radiation motion in sub-domain II and
IV, respectively, which are given by Zheng et al.
(2007) as follows.

w1, = Cra(2) [01.0 — (¢ — 20)03,.] (35)

oy, = Cra(2) [01.0 — (x — 20)d3,.] (36)
where:

s (2) = coshluy (2 4 hy)] (37)

p1 sinh(py ho)
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l sinh(koz) + ko cosh(koz)
CF4 (Z) = 3)2
ko — cosh(kosy) — ko sinh(kosy)
9

(38)
The potentials given from Equation (19) to Equa-
tion (26) describe the fluid in each region and sat-
isfy all boundary conditions except the common
boundaries between the regions. Now, the prob-
lem is to evaluate unknown coefficients AX = AL

In> “%2n>
L AL pL RL o 7
As. ., Ay, By, By, for the radiation term and A4,,,,

Ay, As. Ay, By, and By, for the diffraction
term in the series. It should be noted that each
coefficient has a unit which depends on the respec-
tive motion in the radiation term. These coeffi-
cients are found by imposing the boundary condi-
tions that are the pressure continuity and normal
velocity at the common boundaries between the
regions, which are = 4+a and 0 < z < —sq,
—81 < z < —dj and —d; < z < —hy. In mathe-
matical terms, it means that potentials and their
normal derivatives are equal at boundaries. Satis-
fying these boundary conditions form a system of
6 linear equations which need to be solved simul-
taneously. To solve these equations, the orthog-
onal functions must be truncated. If n is trun-
cated to N from Equation (19) to Equation (26),
imposing the boundary conditions in the common
boundaries will lead to a system of 6 x N linear
equations and equal number of unknown coeffi-
cients. Organizing these coefficients in matrices
gives

S -X=F (39)

in which X is the unknown coefficient matrix.
There are three radiation and one diffraction po-
tentials included in Equation (39). It should be
noted that S is a 6N x 6N matrix which is ob-
tained from satisfying the boundary conditions
from Equation (8) to Equation (11) for diffrac-
tion and from Equation (13) to Equation (17) for
radiation term. F'is a 1 X 6N matrix which is ob-
tained from satisfying the common boundary con-
ditions between the regions and X is a M x 6N
matrix, in which M is the total number of wave
frequencies to solve according to the range and

frequency increments. The detail of this method,
including the calculation of F'is discussed in Ma-
soudi and Zeraatgar (2016). Having known F and
S, X is obtained for each of the four potentials.
Finally, imposing the coefficients in Equation (19)
to Equation (26), the velocity potentials for each
region will be obtained.

FExpressions for Hydrodynamic Coefficients and
Wave Forces

If we denote the wave force perpendicular to
the incident wave as Fy,,, which is independent of
y and time, it can be calculated from the incident
and diffracted wave potentials as

Fy, = pjo /S (pat @) mds  (40)
0
in which n, is the generalized inward normal to
the structure in  — 2z plane with ny = n_, no = 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:

| Fu|
opbdd, LT L2
ol
2pb3d A;
The hydrodynamic coefficients including the
added mass coefficient my, ,, and the damping co-
efficient Ny, are defined by

CF, = (41)

MLy = p/ Re(p% ) n, ds (42)
So

Npu.=p / Im(pX ) n, ds (43)
So

Also, C,,, and Cy, are the non-dimensional
added mass and damping coeflicients.

Z“;)Z uw=1,2
Crw = 0 ; (44)
o0b3d
N 1,2
u =
2pwhd ’
Ca. = " (45)
: u=3

2pwb3d
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Transmission coefficient (T,) is defined as the
amplitude of the transmitted wave to the ampli-
tude of the incident wave. Reflection coefficient
(R,) is defined as the amplitude of the reflected
wave to the amplitude of the incident wave. If
breakwaters are assumed to be stationary, using
linearised Bernoulli equation, Zheng et al. (2007)
obtained transmission and reflection coefficients

jw Ay, cosh(kh
Tw _ |]w 31;OAS‘ ( 1)| (46)
jwA., cosh(khy)
R,=|1 - 47
1+ gA; exp(jkbcos 9)| (47)

Longuet-Higgins (1977) proposed the horizon-
tal drift force (Fy) in terms of the reflection coef-
ficient as

E 2F
Fy = (%) (1+R2-T2) = (T%> R? (48)

where ¢, is the wave group velocity, c is the phase
velocity, £ = %pgAZ-2 is the wave energy. The
added mass and damping coefficients will be eval-
uated using Equation (44) and Equation (45), re-
spectively. The exciting force coefficients will be
addressed using Equation (41). The transmis-
sion and reflection coefficients could be evaluated
using Equation (46) and Equation (47) for the
analytical and Equation (48) for the numerical
method.

3. RESULTS

Based on the formulation discussed in section
2, Equation 39 is solved in MATLAB® with in-
puts being 6, a, b, hy, hs, s1, d, A; and the number
of truncated terms in the orthogonal series being
N =12.

The solution is the unknown coefficients in or-
thogonal series which determine the velocity po-
tentials for the diffraction and radiation terms
according to Equation (19)-(26). Hydrodynamic
characteristics of the domain are then evaluated
using Equation (40)-(47). In order to verify the
analytical method, a rectangular SB of s;/h; =
0.2, a/hy = 0.2, hy/b = 6, § = 30° is consid-
ered. The model characteristic has been chosen

similar to Zheng et al. (2007) for validation pur-
poses. Furthermore, a BEM numerical simula-
tion using ANSYS AQWA is carried out for com-
parison. Figure 2 demonstrates the added mass
coefficient (C,,), the damping coefficients (Cy),
and the exciting force coefficients (C'F') of the
proposed breakwater. These are compared with
Zheng et al. (2007). Evidently, all results are in
reasonable agreement. The divergence between
numerical and analytical results are thought to
originate from converting three-dimensional re-
sults to two-dimensional quantities in numerical
simulation. It should be emphasized that in an-
alytical solution, the length of the breakwater
mathematically assumed to be infinite, however,
in numerical simulation the length of the breakwa-
ter considered to be 50 m. Table (1) summarises
the model characteristics of the geometry, envi-
ronmental constants, mass properties and mesh
parameters for the numerical model. It should
be noted that de-featuring tolerance controls how
small details are treated by the mesh in AQWA.
If any detail in the structure is smaller than this
tolerance, a single element may span over it, oth-
erwise the mesh size will be reduced in this area
to ensure that the feature is meshed. In AQWA
the maximum element size is explicitly related to
the maximum wave frequency that can be utilized
in the diffraction analysis. If a particular maxi-
mum wave frequency is desired, this can be speci-
fied as maximum allowed frequency and the asso-
ciated maximum element size will be computed.
In this study, after testing a number of maximum
element size, the nearest value to the desired fre-
quency range (f; & 0—0.4 Hz) is chosen. Desired
frequency range is calculated according to the dis-
persion equation (Equation 5) with respect to the
desired wave number which covers a range of re-
sponse similar to Zheng et al. (2007). It should
be emphasized that for the radiation term, ac-
cording to Equation (44) and Equation (45), C),
and Cy are independent of incident wave ampli-
tude. However for the diffraction term and for the
evaluation of Cr, according to Equation (41), it
is assumed that A; = 1m.
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Figure 2: Comparison of numerical and analytical study on (a) exciting forces CF,, (b) damping coeflicients Cy, and (c)
added mass coefficients C,,, of heave (u = 1), sway (v = 2) and roll (u = 3) motions/directions (s1/h; = 0.2, a/h; =

0.2, hy/b =6, 6 = 30°)

Horizontal and Vertical Flat SBs

Two types of high aspect ratio SBs are stud-
ied in this work and their configurations are pre-
sented in Figure 3. The first one is denoted as a
horizontal flat breakwater and the second one as
vertical.

Figure 4 displays the exciting force coeffi-
cients, as defined in Equation (41), of horizon-

tal and vertical flat SBs at conditions s;/h; =
0.1, & = 1°. In the present analytical method,
0 = 0° is a singular condition, hence § = 1° is con-
sidered instead. Analytical and numerical meth-
ods are depicted simultaneously and reasonable
agreement between the two is evident.

According to Equation (48), the mean drift
force on the body can be calculated. The trans-
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Table 1: Breakwater specifications, environmental constants and mesh parameters for numerical simulation

Geometry Environmental Constants

Length (y) 50 m Water Depth 48 m
Width (z) 16 m  Water Density 1025 kg/m3
Depth (z2) 9.6 m  Gravity 9.8 m/s*
Mass Properties Water Size x 1000 m
X 0m Water Size y 1000 m
Yo 0m Mesh Parameters

20 -14.4 m  De-featuring Tolerance 1m
Mass 15744 t  Maximum Element Size 2m

K., 29 m Maximum Allowed Frequency 0.431 Hz
Ky, 5.4 m Total Nodes 3922

K., 29.2 m  Total Elements 3920

D

z ; z )
Incident wave : Incident wave Y i
Transmitted wave Transmitted wave
\vi /\ o i /\ N
\/ * \/ \/ X \/

8

--—Q‘_'———-
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(a) (b)

Figure 3: Basic configuration and coordinate system for (a) horizontal and (b) vertical flat SBs
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Figure 4: Exciting force coefficients for horizontal (a,b,c) and vertical (d,e,f) flat SBs (s1/h; = 0.1, § = 1°)
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mission and reflection coefficients can then be
derived and the results are shown in Figure 5
for the vertical and the horizontal flat SBs of
si/hy = 0.1, # = 1°. It should be noted that
for the cases under consideration in Figure 3, the
horizontal flat SB has a ratio 2a/b = 100 and for
the vertical flat SB, 2a/b = 0.01.

4. DISCUSSION

Figure 4 shows that exciting force coefficient
CF, which represents the combined effect of the
incident and diffraction forces, oscillates as a func-
tion of wave number. Exciting forces for the
horizontal flat breakwater are shown in Figure 4
(a,b,c) and that for the vertical flat breakwater
are shown in Figure 4 (d,e,f). For the horizontal
flat breakwater (a,b,c), exciting force coefficient
varies both globally and locally with respect to
the dimensionless wave number (khy). Globally,
as the incident wave frequency increases, the force
decreases quickly. Local oscillation can also be
seen. It causes C'F, to drop to zero at multiple
wave numbers with an appeared phase lag from
CF) to CF3. For large wave numbers, C'F,, ap-
proaches to zero globally. The exciting force coef-
ficient of the sway motion, C'F5, is much smaller
in magnitude than C'F} (heave) and CFj (roll).
Note the different ordinate scales. Physically this
is owing to the smaller projected area in the sway
direction for the horizontal flat breakwater. Dis-
crepancies between analytical and numerical re-
sults can be observed, which could be a result
of converting three-dimensional analysis to two-
dimensional quantities in numerical method.

The behaviour of the exciting force associated
with the vertical flat breakwater (d,e,f) appears
to be very different. Although they also display
a global decay as kh, increases, no local oscilla-
tion is observed. This is believed to be due to
diffraction force, which is mainly responsible for
the oscillatory force behaviour, having negligible
magnitude. The very large exciting force coeffi-
cient of the roll motion, C'Fj3, is related to the
large projected area of the breakwater in the roll
direction. It thus suggests that the vertical geom-
etry has a high tendency to roll.

Figure 5 demonstrates transmission and reflec-
tion coefficients for both horizontal flat and ver-
tical flat breakwaters using numerical method. It
can be seen from the behaviour of T}, and R,, that
the vertical flat breakwater almost transmits the
entire incident wave energy (no reflects). On the
contrary, the horizontal flat breakwater effectively
attenuates incident wave energy especially for low
wave numbers over the range 1 < kh; < 3, in
which transmission coefficient T;, reaches the min-
imum value ~ 0.4 and R,, reaches the maximum
value of ~ 0.84. Those are considerable values
comparing to conventional low aspect ratio SB.

/ Tw vertical flat

TW horizontal flat

RW horizontal flat

0.4
0.2
e e
5 10 15 20
kh

Figure 5: Transmission and reflection coefficient compari-
son of horizontal and vertical flat SBs (s1/hy = 0.1, § = 0)

An oscillatory behaviour can also be seen
for T,, and R, for the horizontal flat breakwa-
ter, which is a direct reflection of the oscillatory
diffraction force shown in Figure 4 (a,b,c). Addi-
tionally, no oscillatory behaviour is observed for
vertical flat breakwater’s T, and R,,, which is in
consistence with the exciting force in Figure 4
(d,e,f). It is plausible that diffraction wave forma-
tion on the vertical and the horizontal flat break-
water is the basic reason for the large difference
in their transmission coefficient behaviours. The
large size in the x direction of the horizontal flat
breakwater leads to a lower transmission coeffi-
cient, as has been the main parameter in many
previous FB studies. Additionally, it suggests
that the breakwater’s dimension in the incident
wavelength direction plays the dominant role in
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the performance of SBs as well as FBs.

In order to determine the effect of submer-
gence depth on the reflection and transmission
coefficients of the horizontal flat SB, Figure 6 is
presented. First of all, as s;/h; increases, the re-
flection coefficient R,, decreases and the transmis-
sion coefficient T, increases. For s;/h; = 0.2 the
T,, reaches a minimum value of 0.75 at kh, =~ 2.5,
which means 75% of incident wave energy is trans-
mitted from the breakwater. Secondly, as it can
be seen, the weak oscillatory behaviour vanishes
as s1/hy increases, which suggests that the oscil-
latory behaviour in diffraction problem of SBs,
especially for horizontal flat, increases as the sub-
mergence depth decreases. The physical explana-
tion of this behaviour might relate to the diffrac-
tion wave height. As the height increases with
decreasing submergence depth, for low enough s,
the body is influenced (or partially influenced)
by its own diffraction wave. Because the diffrac-
tion wave formation is an oscillatory function of
exp(ix), it reflects itself in C'F', T,, and R,,. How-
ever, when s; is large enough, the body and the
produced diffraction wave will not collapse and
parameters like C'F', T, and R,, do not show os-
cillatory trends.

Figure 7 shows the formation of the diffrac-
tion wave amplitude A, alongside the breakwa-
ter’s width on the horizontal flat breakwater for
6 = 0° and s;/h; = 0.1 using numerical method.
Firstly, Ay increase with 2b/hy. Such an increase
is much more appreciable in (a) and (b), com-
pared to (c¢) and (d). Secondly, diffraction wave
length decreases quickly with increasing breakwa-
ter width b.

Figure 8 shows the dependence of the maxi-
mum diffraction wave amplitude |A,,,,.| on the
submergence depth s; and breakwater’s width 2b.
According to Figure 7, |Ay,,..| occurs at x = b
where Ay start to decrease afterwards. |Ag, .|
is normalised by the amplitude of the incident
wave A;. Figure 8 (a,b,c) present the results
from the incident wave’s frequency f; = w/2m
of 0.2 Hz, 0.15 Hz and 0.11 Hz, respectively,
and the curves in each subfigure are different by
changing the values of s;/h;. It can be seen
that at fixed s1/hq, increasing 2b/h; (breakwater’s

width) results in a smooth increase in |Ay, .|/ A;
for all incident wave frequencies. On the other
hand, at fixed 2b/hq, as s1/hy (the submergence
depth) decreases, |Ay,, .|/ A; increases and the in-
crement rate diminishes quickly from f; = 0.2Hz
to 0.11Hz. Actually, all of s;/h; trends, almost
collapse each other in f; = 0.11 Hz. It perhaps
can be expected that at very low incident wave
frequencies, the curves would become flat and the
amplitude | Ay, . | would be independent of s1/h;.

Figure 8 (d,e,f) show the dependence of
|Ag,,..|/Ai on s1/2b. Firstly, it can be seen clearly
that for a given value of s;/2b, increasing 2b/hy,
i.e. decreasing the overall water depth, would
lead to diminishing |Ay,,,.|/Ai;. Secondly, it is
observed, especially in (e) and (f), that as s;/2b
decreases to very low values, i.e. for very low
submergence depth, the normalised diffraction
wave amplitude |A,4, . |/A; tends to converge to a
specific value =~ 3.0, regardless of the 2b/h; value,
i.e. regardless of the overall water depth at least
for the range tested. Physically, the converged
|Ag,,..|/A; value infers zero transmission coeffi-
cient in which all incident wave energy is reflected
due to high amplitudes of diffraction waves and
after this point, according to the conservation of
energy law, increasing the breakwater’s width (or
decreasing the parameter s;/2b) would not results
in an increase in diffraction wave amplitude any
more. This result, perhaps surprisingly, shows
that even for SBs, if the geometric characteristics
of the body is appropriate, zero transmission
coefficient can be achieved. Furthermore, the
convergent value (= 3.0) seems to be indepen-
dent of the incident wave frequency. It should
be noted that because of the shortcomings of the
numerical method, some results in low s;/2b was
not achievable (especially for Figure 8 (d)), how-
ever, the global trends show foreseeable order,
reaching the convergent value of |4y, . |/A; =~ 3.

5. CONCLUSIONS

In this study two-dimensional SBs with rect-
angular cross section in finite water depth in reg-
ular waves are studied and verified for further im-
plementation. Two new breakwaters, horizontal
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Figure 7: None-dimensional diffraction wave amplitude of horizontal flat breakwater (6§ = 0°, s;/h; = 0.1) for (a)
2b/h1 =2, (b) 2b/h1 =3, (c) 2b/hy =4, and (d) 2b/hy =5 allin f; = 0.2H=

and vertical flat SBs of high aspect ratio, are pro-
posed and their hydrodynamic characteristics are
studied by the analytical and numerical methods.
Furthermore a parametric study on the diffraction
wave amplitude, which is the dominant basic pa-
rameter in breakwater’s transmission coefficient,
is carried out. The following conclusions can be
drawn from this study:

e It is shown that the vertical flat SB pro-
duces almost no diffraction wave and trans-
mits most of the incident wave energy. On
the other hand, the horizontal flat SB shows

relatively low transmission capability, which
is desirable for many practical applications.

The horizontal flat SB may be applied as
an alternative to the existing breakwaters
such as conventional submerged or float-
ing breakwaters, subjected to the considera-
tion of construction, installation and main-
tenance factors etc.

Diffraction wave formation associated with
the two-dimensional rectangular SBs is a de-
caying or a growing function of z, exp(+jz),
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Figure 8: None-dimensional absolute maximum diffraction wave amplitude of horizontal flat breakwater (§ = 0°) for
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which reaches the maximum value at free
surface and on one of the edges of the break-
water, depending on the incident wave di-
rection. Additionally, larger breakwaters
(breakwaters with high aspect ratios in the
direction of incident wave) produce smaller
diffraction wavelengths for a given incident
wave frequency.

e Diffraction wave amplitudes tend to con-
verge to a specific value at small submer-
gence depth to total width ratio. This max-
imum amplitude corresponds to zero trans-
mission coefficient and shows that SBs at
appropriate circumstances can reflect all in-
cident wave energy. Also, this maximum
amplitude occurs at x = b for # = 0 and
x = —b for § = 180 and seems to be inde-
pendent of the incident wave frequency.

Nomenclature

a,  eigenvalue of region IV

Bn eigenvalue of region II

Y eigenvalue of region I and III

An eigenvalue of region I and III

[in

Un

Pd

max

eigenvalue of region 11

Incident wave circular frequency
Water density

Incident wave angle to +x axis
eigenvalue of region IV
Diffraction potential

Incident wave potential

Total potential

Particular potential for L' radiation mo-
tions in region II

Particular potential for L' radiation mo-
tions in region IV

Radiation potential of the L!* motion
Breakwater height

Diffraction wave amplitude

Incident wave amplitude

Maximum diffraction wave amplitude
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682
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684

685

686

687

688

689

690

691

Unknown coefficients for diffraction prob-
lem

Unknown coefficients for radiation problem
Amplitude of the L motion of the body
half of breakwater width

Phase velocity

Wave group velocity

Dimensionless damping coefficient in y di-
rection

Dimensionless added mass coefficient in y
direction

Exciting force coefficient in u direction
Breakwater draft
Incident wave energy

a 1 x 6N matrix obtained from satisfying
the boundary conditions between the re-
gions

Drift force

Incident wave frequency

Exciting force in u direction
Gravitational acceleration

Water depth

(h1 —d)

Imaginary unit

Wave number

ksin(0)

Number of incident wave frequencies
Added mass coefficient in y direction

Number of truncated series in orthogonal
functions

Generalized normal inward to the sructure

Nr. Damping coefficient in y direction
Dynamic pressure
R,  Reflection coeflicient

S a 6N x 6N matrix obtained from satisfy-
ing the boundary conditions between the
regions

So Wetted surface
51 Submergence depth
T; Incident wave period

T Transmission coefficient

u Velocity component in x direction
v Velocity component in y direction
w Velocity component in z direction

a M x 6N matrix of unknown coefficients

o centroid of the breakwater in x direction
Yo centroid of the breakwater in y direction
20 centroid of the breakwater in z direction
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