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ABSTRACT

In this study, we used the boundary element method to simulate a
two-dimensional wave tank with an absorbing boundary. The absorb-
ing boundary, which consists of a sponge zone, is further divided into
an area with a smoothly varied absorption coefficient g and an area of
constant 4, Both solitary, as well as periodic, waves are used in this
study. Time histories of surface elevations are measured by a pseudo
wave gage. The optimal combination of the absorption coefficient and
sponge length to minimize wave reflection is investigated by studying
these time series. The efficiency of the absorption zone is demon-
strated by the attenuation rate of the wave energy. which for cases can
reach a value of 100%. Based upon the present results, it is recom-
mended that in simulating solitary waves, a value of uy=0.5 for the
sbsorption coefficient with a sponge length of 15~25 times the water
depth is ideal; whereas a value of ty=1.0 in combination with a sponge
length 20 times the water depth should be used for periodic waves.
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L INTRODUCTION

Recently, the adoption of dissipating terms in
the form of absorbing beaches andfor sponges has
become an interesting technique for simulations in
numerical wave tanks. As a result of the progress in
computer technology nowadays, nomerical wave
models have been largelv developed, To decrease the
influences of reflected waves, wave absorption zones
have been widely used in these numerical models.
Either these absorption zones are assumed to be of

*Correspondence addressee

infinite length, or it is assumed that wave energies
are completely absorbed.

It 15 well known, however, that a numerical
model should have a limited domain. To circumyent
this difficulty, many researches resort to the fact that
wave reflections can be reduced by imposing an open
boundary behind the domain. The concept of “ab-
sorbing beach™ was first proposed by Le Méhauté in
1972, In their numerical scheme for random wave
simulations, Larsen and Dancy (1987); Brorsen and
Larsen (1987) adopted this idea soccessfully.
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Ohyama and Nadaoka (1991) modelled the evolution
of nonlinear and irregular waves in 2 numerical wave
tank. For open boundary condition, a numerical wave
absorption filter was wsed in their analysis. This fil-
ter is composed of a simulated sponge layer and
Sommerfeld’s radiation condition at the outer edge
of the layer. This method has been used previously
by Tjima eral. (1971} and Chou (1976) in their inves-
tigations of permeable coastal structures.

The absorbtion of free surface waves including
periodic boundary condition, matching to a simpli-
fied outer solution, radiation conditions and absorb-
ing beach are discussed by Gao et al. (1993), the ef-
ficiencies of various types of absorbing beaches with
pressure terms of P=vg and P=v§, are compared,
where v is the damping term and ¢, denotes the nor-
mal derivative of the potential energy ¢ on the free
surface. Based on Sommerfeld’s condition, Grilli et
al. (1995, 1997) developed an implicit iterative ra-
diation condition as boundary condition. The numeri-
cal scheme was used successfully in the calculations
of the shoaling and breaking of both periodic and
solitary waves over gentle slopes. Dalrymple er al.
(2000) studied the characteristics of the wave Dields
around an idealized inlet of a bay., Depending on
whether the inlet sidewalls are reflective or absorbent,
twao different mathematical treatments were used.

In this article, the case of a numerical wave
flume with a closed boundary condition at one end
was considered. At this end, a sponge zone was
imposed. The sponge zone is composed of two re-
gimes with different absorption coefficients p, i.e.. a
zone with smoothly varied u and a zone with con-
stant 4. The main purpose of this article is to deter-
mine the optimum combination of the value of the
absorption coefficient and the length of the sponge
zone through which wave reflections can be
minimized. *

. NUMERICAL MODELING

The deformation and absorption of selitary and
regular waves are simulated by means of boundary
element method. As shown in Fig. 1, the numerical
wave channel is confined in a region composed of: a
moving wave-making paddle, the endisturbed free
water surface, an impermeable seawall and the im-
permeable seabed. The flow within the region was
assumeéd to be inviscid. incompressible and
irrotational.

Boundaries in the regime of the numerical analy-
ses are discretized using linear elements. The conti-
nuity equation is solved vsing the linear boundary
element method based on the Green's second identity,
where the velocity potential satisfies the following
Laplace equation:

Fig. | Definition skelch of an absorbing wave channel
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1. Boundary Conditions

(1)

(i} Free Water Surface

Boundary conditions on the undisturbed free
water surface can be obtained from the nonlinear ki-
nematic and dynamic conditions and are expressed
as

=%=E§ ()
w:%z%‘? (3
DO, pr-1udr + @21+ £ =0 )

with D is the Lagrange differentiation, g the gravita-
tional acceleration, { the surface elevation, p, the
fluid density and P is the atmospheric pressure. On
the non-absorbing area, the atmospheric pressure is
assumed to be constant, e.g., P={0.

On the left side of the flume, hereafter referred
to as the sponge Zone, an iMaginary pressure term
was imposed on the water surface which brought
shout a negative work against incident waves, Ac-
cording to the suggestions of Cao er al, (1993), the
value of this pressure term, P, was defined propor-
tional to the normal derivative of the potential en-
ergy on the free surface, and is employed by Grilli
(1995} as:

Pix, )= pi0) Gt (5)

pix) = g py/ ghr‘ Tiye (6)

where uy is a non-dimensional absorption coefficient
which varies as a function of space, x; is the position
measured away from the left side end where the
sponge zone begins. The length of the sponge zone
is denoted as /, and finally, the exponent value of the
exponent a usually has values in the range of a=2-3.

In the present research, however, the value of P
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was defined proportional to the free surface potential
as in most of the earlier approaches suggested, thus,
P(x.{) 15 expressed through:

Pix, O=uix kb &, n.0) (73
Lilx) =.H'¢.Oﬂ{ﬁﬂ_—;f . Xy<i<iy (%)
pix)=[,p, rery (9

where xy and xy are the horizontal coordinates of the
beginning of the constant u regime and smoothly var-
ied u regime with the lengths of 8 and X, respectively.
A linear absorption parameter is adopted in this paper,
i.e, ge=1 {as shown in Fig.1).

The physical meaning of the absorbing area
{referred to as the sponge zone) can be a representa-
tive of various kinds of armor uniis placed behind
the wave flume which exert a damping coefficient.
Generally, the damping coefficient was assumed to
remain constant and proportioned with potential en-
ergy or velocity of fluids. This procedure caused the
region (o form into two domains (considering the con-
tinuity of the potential energy and its normal
derivative). As was mentioned, the numerical scheme
was established using BEM. Two-dimensional prob-
lems are solved by integration over a line. The simu-
lation of the fully nonlinear water wave in the time
domain became very complicated uwnder this
circumstance. The smoothly varied i area used here
i o connect the constant ¢ area and the non-absorh-
ing area as a result of the continuation of the velocity
potential between these two areas, as shown in the
definition sketch, the velocity potential and its nor-
mal derivative on both sides of the pseudo bound-
aries {dotied lines) are equivalent. therefore the flume
can be considered as one u:il::rnam and make the cal-
culation casier,

{ii) Impermeable Seawall and Seabed

The water particle velocity is null in the normal
direction on the impermeable seawall and seabed,
therefore the condition is prescribed as

%:D on Ty and Ty {11
where n 15 the unit outward normal vector,
(iii) Prepde Wave Paddle

A piston type wavemaker is adopted in this smdy
to simulate the process of wave generation. The as-
sociated boundary condition is obtained by matching
the horizontal velocities of the wave-paddle and that
of the fluid flow through:

¢=Q§=—Um (11}

For a solitary wave, according to the Boussinesq
equation, Li(r) can therefore be expressed as:

- 30
U{;J:,;‘%f# mh_i"-./_:jg Cir =t (12}

where {y . &, C and ¢, are the incident wave height,
water depth, wave celerity and specific time of the
semistroke of the paddle, respectively.

For periodic waves, U(t) is expressed as:

Uie)= ¢, B0 k;TEf: + ki (13)
51

where o {=2x/'T), k and T are the angular frequency,
the wave number and wave period individually.

2. Governing Equations and boundary discretiza-
tion

The governing equations and numerical meth-
ods are briefly reviewed in the following, details can
be found in Chow and Shih (1996). According to
Green's second identity, the velocity potential dx,z;
£) for inviscid irrotational flow can be oblained by
the velocity potential on the boundary, @&, m:r), and
its normal derivative, a4 &, n;1), thus,

: L | AL ad
(14)

| inside the fluid domain
c=1{ 1/2 on the smooth boundary
0 ottside the fluid domain

with r=[|:__f__,_-}1+{ r-r_:}?] 112

As shown in Fig. 1, the boundaries I} through
Iy are devided into N; to N, discrete segments with
linear elements in order to proceed with the
calculations, When the inner point {z.z:r) approaches
the boundary point (£,1%1), Eq. (14) can be wrilten
im a discretized form as.

L u+1.i [[dr-Lf M

-.}

+aB e T r}’l#z]aj_-r]n i.:i-:

ﬂﬁu

g, 3
™ #fil _[rj lﬁ!tf‘ T rwl ¥ {': L 'r}'“*.-]ll'i dx

(15)
with My=(1-x}2, M;=(1+2)/2; M, and M, are the
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shape function within ¥ which is a local dimensional
coordinate. '
Hence, Eq.(15) is expressed in a marrix form:

[]=[0y1IP] i, j=1-4 (16)

where [@] and [ @] are the nodal values of the poten-
tial function and its normal derivative on the
boundaries, respectively, and [(¥] is a matrix related
to the geometrical shape of the boundary. The nu-
merical scheme has been discussed in detail by Choo
(1976).

3. Computational Procedure

The initial conditions arée summarized as
follows: Requiring that the horizontal velocity of the
pseudo wave paddie U(r) and the fluid motion be
continuous, we obtain @ =3} /dn=~L/(0). Assume
that the water surface is initially at rest, which leads
to the condition that the velocity potential @)=0,
Along the impermeable seawall and the stationary
bottom, no flow exists in the normal direction, so that
ﬂr:? = 3} fan=0. In the following, the superscripts are
used to denote time steps, and the subscripts are used
for the respective boundaries.,

To start with, the initial values for the four
unknowns, i.e., the normal derivative of the velocity
potential on the water surface, dd3 /dn: the velocity
potential on the pseudo wave paddle, -I'i". and the two
velocity potentials on the sea wall and seabed, @
and d{';', can be obtained by subsiituting the imitial
boundary conditions into Eq. (16). Using Eqgs. (2}~
{4). the new position for each nodal point on the wa-
ter surface at the k+1-th time step (k=0, 1. 2, 3....)
can be calculated using the forward difference
method. The velocity potential of the free water sur-
face at the k+1-th time step ﬂl-f *!can then be approxi-
mated through the following equation:

=l +%[(%tu"‘ +{%f2—}3]*m _gtla By
(17)

where 5 is the tangential derivative, Ar denotes the
discrete time differencing interval.

By substituting Eqs. (10), (11} and (17) into Eq.
(16}, we obtain the following simultaneous equations:

[ |
Bl _|0-0,00] |Ofy -1 050y

E'I
&,

E+l I
o, IF-0,00) |0y 0 00y
@, 0-0,017 04 0 045 0y

(18)

f is a unit matrix. Detailed description concerning
the nerative scheme of time stepping can be found in
Chou and Shih (1996),

III. RESULTS AND DISCUSSIONS
1. Variation of Surface Elevation

A 50m long wave channel with a constant depth
of =1 m 15 used in the numerical simulation, As
mentioned earlier, a sponge zone is fixed at the left
end of the flume. The sponge rone 15 further divided
into a smoothly varied ¢ area and a constant i area,
the lengths of which are expressed as 8 and X
respectively. To study the absorption of wave energy.
initial wave heights of S/h=0.05, 0.1, 0.2 and 0.3 are
used for solitary waves. On the other hand, a dimen-
sionless angular frequency of o*h/g=0.50 and a wave
height of 'h=0.05 is used for the case of periodic
waves, To determine the optimum combination of
the absorption coefficient and the sponge length that
can minimize wave reflection, lengths of X=5, 10, and
15 m and #=5, 10, and 15 m are used in the simulation.
Furthermore, values of the absorption coefficient are
varied, tiy=0~10.5 with an increment of 0.05. Through-
out the calculation a time discretization of At=i/200
is used.

Surface elevations were measured by a psendo
wave gage located at a position of r=24 m. Hence,
with p=0.0 a reflected wave height of {fh=0.05 for
the case with an incident wave height of {/h=0.05
will indicate that the waves are completely reflected.
Altering the lengths of the sponge zone in various
combinations of X and B makes it possible 1o deter-
mine the optimal configuration of the sponge zone.

Figure 2 shows the variations of surface eleva-
tions with the condition of {/h=0.05, B=15 m, X=10
m and pg=0-0.5. To facilitate comparison, both in-
cident and reflected waves are shown in all the
figurez. The curves on the left part of all the figures
are the elevations of initial waves, and those on the
right parts show that of the reflected waves. It can
be seen that all the incident waves are identical, while
the reflected wave heights decrease gradually with
increasing values of yg. In fact, the dimensionless
heights of the reflected waves, {Jh, for cases with
Hg=0.1, 0.2, and 0.3 are, respectively, 0.027, 0.015,
and 0,008, It decreases to a value of 0.00087 for the
case with gs=0.5, which can be considered as null
for practical applications.

2. Attenuation Rate of Wave Energy
To investigate the absorption rate resulting from

the combinations of various values of B, X and g,
we have calculated the energies of the waves. The
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Fig. 2 Vamadion of surfsce elevations with the conditlon of X=13m 8=10m, {pfh=0.05 and pia=0-0,5

a solitary wave can be expressed as:

(1

The attenuation rate can thus be calculated by:

K, =01 - E8y5 100%
E.l

151

(20)

where K; is the attenuation rate, E; and Eg are the
total energy of the incident and reflected wave,
respectively.
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Table 1. The Attenvation rate of wave energy for solitary wave
{{p'h: Incident wave; {/h: Reflected Wave; K;: Attenuation rate)
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Fiz. 3 Anenuation rate of the wave energy among vanous sponge lengtha

The attenuation rates for cases of solitary waves
as calculated using Eq. (20) are shown in Figs. 3(a)
~3ic)., Changing the length of the smoothly varied y
area has apparently raised the absorption efficiency.
Table 1 shows the reflected wave heights and

0.6
[T

{c)

attenuation rates for the cases when X is fixed with a
constant value of 5 m. In the table, B=5, 10, and 15
m whereas values of yy, were varied from (103 to
0.50. Referring to Table 1 and taking Fig. 3(a) for an
example, the attenuation rate of the wave energy is



C.R. Chou ef &l.; Oplimizing Deployment of Sponge Zona on Numerical Wave Chanmel 153

% 100 % 100 W 100
G I b1
B0 A0 B
T n T
&0 (] &
Kp 50 Ky 50 Kp 50
A0 X=5m, B=10m 40 X=10m, F=10m 40 X=15m, B=10m
30 — =005 I — Sip=0.05 W — Liy=0.05
0 === =i 1 0 === =01 20 - Eip=lL1
=% = Dh=02 === Jp=02 - = Hy=0.2
[1] —— Eps03 10 —— Hpeil3 10 —— Elgei),3
ﬂ | | 1 1 r 1 I F 1 “ L L] L] L LI | L L 'n UL LI r ¥ 1
o0 01 02 03 04 05 06 00 61 62 03 04 05 06 00 01 02 03 04 05 06
Mo tig o
fa) bl )

Fig. 4 Attenuation rate of the wave energy amang various wave helghis

93.2% for B=10 m, X=5 m and py=0.5. I increases
op to nearly 100% for the case with 8=10m, ¥=15m
and Ug=0.5, indicating an almost complete dissipation.
It can be shown that the curves grow more gently
afterwards, i.e. it takes a much larger y, for a further
increase of the attenuation rate. This means that the
effect of attenuation is limited when the absorption
coefficient Uy has values greater than 0.5. A maore
effective way is (o increase the length of the sponge
zone, but this will require a much larger amount of
nodal points and o much longer time of calculation
and computer capacity, As a compromise, it is there-
fore decided to find an optimum combination of the
present absorption coefficients and a moderate sponge
length to minimize the reflection.

Figures 4{a)~4(c) show the atlenuation rates for
various wave heights. It can be seen from these fig-
ures that an attenuation rate of approximately 50%
has already been achieved even when uy only has a
value of 0.1, It is also interesting to note that unfa-
vorable results are obtained for cases with py=0. The
incident wave heights are seen to rise up gradually.,
This may be due to the insufficiency of the amount
of elements on the water surface since we adopt s1a-
tionary segment as As=1h, where As denotes the dis-
tance between two nodes. [t can also be seen from
these figures that a substantial increase of the attenu-
ation rate can be achieved by increasing the values
of the absorbing coefficient, i, However, this ef-
fect is limited for values of ugp<0.3. It is also scen
that the attenuation rates approach to the same value
for ug20.3, irrespective of the wave heights
considered. This indicates that the maximum effect
of the absorbing coefficient has been reached.

3. The absorption of solitary waves

Figure 5 shows time histories of the incident and
reflective solitary waves. The case studied has X=15
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Fig. 5 Time historics of the incident and refiective waves for the
case with X=15m., F=10m and -l_",'c,I'JE|=L'I.H'_'l
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m, B=10 m and {/'h = 0.05. The first figure on top
shows the times hstories of the incident waves, while
other figures show those of the reflected waves. Start-
ing from the second figure on top to the last figure at
the bottom, the values of the absorbing coefficient
increase continuously.,

Referring back to Table 1, it can be seen that
with an absorbing coefficient of uy=0.5 and a con-
stant value of X=5m, the reflected wave heights,
Csh, for B=5, 10 and 15 m are 0.0121, 0.0086 and
0.0056, respectively. This clearly demonstrates that
better absorbing effects can be acquired through the
use of B=15m rather than F=5 m. However, it is also
seen that a larger yy will then be required, 1.e. fy=
0.4=0.5. On the other hand, with the same value of
Hy=0.5 and a constant value of B=5m, the reflected
wave heights [ Jh for X=5, 10 and 15 m are, respec-
tively equal to 0.0121, 0.0062 and 0.0025,
Furthermore, for the same total length of the sponge
zone X+8, comparing the results for B=5 and X=5,10
and 15m with the cases for X=5m, while B is vaned
correspondingly, it can be seen from the table that
the reflected wave heights are smaller for the former
cases, It can also be seen from the table that for
H=5m, the results are similar for X=5m with g,=
0.25-0.40, and for X=15m with, however, a smaller
range of pp=0.20-0.30. The results indicate that bet-
ter absorption effects can be achieved when in the
sponge zone a longer X is used instead of B.

4. Absorption of Periodic Waves

To investigate the absorption of periodic waves,
a 60 m long channel was used. The wave has a di-
mensionless angular frequency, o' hfg, of 0.50, and
the dimensionless wave height, Sy'h, is 0.05. A con-
stant water depth of A=1 m is used in the calculation.
The sponge zone has a configuration similarly 1o that
used for solitary waves. Both the constant-valued
absorbing coefficient zone, X, and the gradually var-
-ed absorbing coefficient zone, B, have lengths equal
to0 10 m. As before, the values of the absorbing
cocfficient, iy, were varied from 0 to 1.0 with an in-
crement of 0.2, A Ar=TV200 for the temporal, and a
As=0.2h for the spatial, discretizations were nsed in
all simulations,

Unlike for the cases with solitary waves where
only one single crest is to be generated, the wave
paddle must move back and forth continuously for
periodic waves, When the waves have reached the
permeable wall, clapotis will be gradually formed as
a result of the intersection between incident and re-
flected waves. Measuring reflections for the case of
periodic waves in a numerical wave tank are there-
fore more involved. In the present paper, we will not
discuss the sttenuation rate, instead, we concentrate
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@ 5 10 15 20 25 30 35 40 45 30 55 &0
I 5

x'h
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. |

0 5 10 15 20 25 30 35 40 45 50 55 60

Fig. & Time histories of progressing and reflected periodic waves
with X=10m, H=10m, o hg=0.5 and {p'h=0.05 regarding

different dissipation coeflicient i,

on the absorption, which can be determined by com-
paring the time histories of wave profiles.

As shown in Fig. 6, clapotis is formed com-
pletely with two times the height of the incident waves
when tp=0. The clapotis is seen to move gradually
taward the wave paddle, indicating that waves are
completely reflected. Also shown in Fig. 6 are the
time histories of the wave profiles for cases with ab-
sorbing coefficient Ly varied from 0.2 to 1.0. As can
be seen from Fig. 6, when gy has a value of 0.2, the
height of the calpotis is about one (imes the incident
wave height in the dimensionless distances of
xth=0-20. Compared with the envelopes of the par-
tial standing waves in the dimensionless distances of
2h=20~60, the influence of reflected waves can be
easily perceived. This phenomenon will be improved
only when jp has a value greater than 0.6, The waves
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generated by the moving paddle then propagate to-
ward the sponge zone where they are absorbed almost
completely. The efficiency of the combination is also
verified by perusing the distribution of wave profiles
of other cases with ¢*h/g=0.25, 1.0 and 1.5 as shown
in Fig. 7, where the number of generated waves are
listed on the figures.

IV. CONCLUSION

In this paper, we present our numerical results
of wave generation and the use of absorbing boundary.
The results demonstrated the effectiveness of the ab-
sorhing boundary in wave damping.

The attenvation rafe increases not only with in-
creasing value of the absorbing coefficient. i, but
also with the length of the sponge zone, and it is found
that better absorption efficiency can be achieved when
in the sponge zone a longer X is used instead of 8.
Meveritheless, when either is wsed alone, neither of
these two factors, i.e., the absorbing coefficient, g,

or the length of sponge zone, X+8, is sufficient in

damping wave energies effectively. Maximum ab-

sorption of incident wave energy can only be achieved
through an optimum combination of the values of the
absorption coefficient . and the two lengths in the

sponge zone, X and B.

Based upon the present results, it is concluded
that;

1. For the case of propagation and dissipation of soli-
tary waves, since there’s only one wave crest, the
attenuation rates can be calculated either by theo-
retical formula or conservation of rhass by com-
paring the incident and reflected wave height. The
optimum combination would be u=0.5, X=15 m
and B=10 m, the attenvation rate of the wave en-
ergy for this combination approaches 100%. This
indicates that wave energy 15 almost completely
dissipated.

2. For cases of fully nonlinear periodical waves, it is
difficult to distinguish the reflected waves from the
incident waves, the reflection coefficient is not yet
clear, therefore we suggest a favorable combina-
tion instead, which would be X=10 m and B=10 m,
with pg=1.0.

3. The numerical scheme will also be extended for
the study of irregular waves in our further study.
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NOMENCLATURE

length of smoothly varied 4 area
wave celerity

Lagrange Differentiation
total enerpy

total energy of reflected wave
total energy of incident wave
gravitational acceleration
water depth

unil matrix

wave number

attcnuation rale

length of sponge zone

normal derivative

PI‘I:'H sure term

tangential derivative

wave period

Lime

specific time

velocity of wave paddle
length of constant U area

= A
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boundary

spatial discretization
time discretization
velocity potential
exponent value
surface elevation
incident wave height
angular frequency
fluid density
non-dimensional absorption coefficient
absorption lerm
shape function
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