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Abstract: There is a paradoxical phenomenon in earlier studies when the incoming water wave is parallel to a porous break
water wave permeates completely without regard to the largeness of the the porosity of the porous breakwater. For solving t
of the water waves obliquely impacting upon the thin porous wall, a new boundary condition on the thin porous wall—which ca
the above mentioned paradoxical phenomenon—is proposed based on the concept that the incident angle remains unchang
water wave permeates into the wall. According to this new boundary condition, an analytic solution of an oblique water wave
on a thin porous wall of any permeability is obtained. It is found that the above paradoxical phenomenon, as the water wave
to a thin porous wall, disappears. And, as the incident angle approaches 90°, the reflection coefficient and the transmission
reasonably converge to 1 and 0, respectively, while on the contrary, those in the earlier investigations converge to 0 and 1.
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Introduction

The problem of water wave impact on a porous wall has
studied by many investigators. Sollitt and Cross~1972! formu-
lated and solved the problem of a water wave passing throu
porous medium but due to the complex wave numbers insid
porous medium the orthogonality of their infinite series solutio
questionable. Madsen~1974! applied the method similar to Soll
and Cross~1972! to analyze reflected and transmitted waves,
the same defect arises. Chwang~1983! used Taylor’s~1956! con-
cept of water flows through a porous screen to investigate
zero-thickness porous wavemaker problem. Later, Chwang a
~1983!, Chwang and Dong~1984!, and Tyvand~1986! applied the
same method in the analysis of a piston-type porous wavem
and of the problem of water wave permeating through a po
screen. Note that in Chwang~1983!, the inertial reactance of flo
is neglected and the porous wall is assumed to have zero
ness.

Simplifying the theory of poroelasticity~see Biot 1962! by
letting the skeleton of a porous medium be rigid and the flui
incompressible, Huang~1991! obtained the governing equation
porous medium flow, similar to the one in Sollitt and Cr
~1972!. Chwang’s ~1983! study thus was extended to a fini
thickness porous medium with the inertial reactance of the
being preserved. Later, clarifying the boundary conditions f
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thin porous wall with both flow inertial reactance and visc
damping, Huang et al.~1993! analyzed the wave field of a th
porous wavemaker by a simplified analytical approach.

As for an oblique water wave impacting on a porous struc
Dalrymple et al.~1991! adopted an assumption that neglects
evanescent modes of the water wave near the interfaces
porous wall to simplify their problem. It is found that when
incoming water wave is parallel to a porous breakwater, no m
how large the porosity of the porous wall is, the water w
permeates through completely. This is indeed questionable.
ally, to the writers’ knowledge, this paradoxical phenomenon
be found in all the other earlier studies of oblique waves actin
porous structures.

For the purpose of eliminating the above mentioned para
cal phenomenon, we attempt to derive a new boun
condition—for the thin porous wall impacted by an obliq
wave—based on the concept that the wave direction remain
changed as it permeates into a thin porous wall in the pr
study. According to this new boundary condition, an analytic
lution of an oblique water wave impacting on a thin porous
of any permeability is obtained. It is found that the above p
doxical phenomenon as the water wave is parallel to a thin p
wall disappears. And as the incident angle approaches 90
reflection coefficient and the transmission coefficient reason
converge to 1 and 0, respectively, while, on the contrary, tho
the earlier researches converge to 0 and 1.

Formulation of Oblique Wave Field

Governing Equations

Homogeneous water wave is assumed to be inviscid, irrotat
and incompressible; and the fluid domains of the present stud
shown in Fig. 1.

For Regions~1! and ~2!, we have

Vj = ¹ F j, j = 1,2 s1d

whereVj andF j5velocity vectors and velocity potentials of flu

respectively; and the subscriptj denotes the flow regions~see Fig.
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1!. And, the continuity equation and linear momentum equa
are

¹ ·Vj = 0, j = 1,2 s2d

r
]Vj

]t
= − ¹ pj + rg, j = 1,2 s3d

By substituting Eq.~1! into Eq. ~2!, Eq. ~2! becomes

¹2F j = 0, j = 1,2 s4d

Then, by substituting Eq.~1! into Eq.~3! and integrating the latte
with respect toy, Eq. ~3! becomes

pj = − r
]F j

]t
− rgsy − hd, j = 1,2 s5ad

when it is not on the surface of seepage~e.g., see Muskat 1946!;
and

pj = 0, j = 1,2 s5bd

when it is on the surface of seepage, wherepj5pressure of th
fluid; andr5density of the fluid.

For Region~3! that is within the porous wall, we have

V3 = ¹ F3 s6d

whereV3 andF35velocity vector and velocity potential of flu

Fig. 1. Schematic diagram of water wave impacting on a po
wall: ~a! side view; and~b! top view
inside the porous wall, respectively~see Fig. 1!. And, referring to
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Huang ~1991!, the continuity equation and linear moment
equation are

¹ ·V3 = 0 s7d

r
]V3

]t
= − ¹ p3 + rg −

mn0

k
V3 s8d

wherem5dynamic viscosity of fluid;n0 andk5porosity and spe
cific permeability of the porous wall, respectively. By substitu
Eq. ~6! into Eq. ~7!, Eq. ~7! becomes

¹2F3 = 0 s9d

Then by substituting Eq.~6! into Eq.~8! and integrating the latt
with respect toy, Eq. ~8! becomes

p3 = − r
]F3

]t
− rgsy − hd −

mn0

k
F3 s10ad

when it is not on the surface of seepage; and

p3 = 0 s10bd

when it is on the surface of seepage.

Boundary Conditions

On the bottom~i.e., y=0!, the normal velocity equals to zero, i.
we get

]F j

]y
= 0, j = 1,2,3 s11d

On the free surface of fluid,y=h and −̀ ,x,−d/2 for Re-
gion ~1! andd/2,x,` for Region~2!, we have the convention
kinematic and dynamic boundary conditions as

]F j

dy
=

]h j

]t
, j = 1,2 s12d

]F j

]t
+ gh j = 0, j = 1,2 s13d

whereh j5vertical deviation of water surface from the mean-
surface. By combining Eqs.~12! and ~13!, we get

]2F j

]t2
+ g

]F j

]y
= 0, j = 1,2 s14d

On the free surface of fluid inside the porous wall,y=h and
−d/2,x,d/2, the kinematic and dynamic boundary conditi
are

]F3

]y
= n0

]h3

]t
s15d

]F3

]t
+

mn0

rk
F3 + gh3 = 0 s16d

By combining Eq.~15! with Eq. ~16!, we get

]2F3

]t2
+

mn0

rk

]F3

]t
+

g

n0

]F3

]y
= 0 s17d

At the far field, 0,y,h andx→ ±`, the radiation bounda
condition is

lim F j → outgoing or 0 j = 1,2 s18d

x→±`
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On the interfaces of the porous wall and the fluid, 0,y,h
andx= ±d/2, the continuities of mass flux and pressure are
sidered. From Eqs.~1! and ~6!, we have

]F j

]x
= n0

]F3

]x
, j = 1,2 s19d

and according to Eqs.~5a!, ~5b!, ~10a!, and~10b! with the surface
of seepage effect being ignored for convenience, it is obta
that

]F j

]t
=

]F3

]t
+

mn0

rk
F3, j = 1,2 s20d

Boundary Value Problem

Since the present study focuses on the problem of a pe
linear water wave, we may introduce a time factore−ivt into the
time-dependent variables, wherev is the angular frequency
water wave. And according to Snell’s law, in order to satisfy
matching conditions at each vertical interface, we can write

F jsx,y,z,td = Rbf jsx,ydeisk0sinuz−vtdc, j = 1,2,3 s21d

so that thez variation of the solution in each region must be
same. In addition, a flow-efficiency parameter is defined as

R=
inertial reaction force

resistant force
=

rvk

mn0
s22d

which represents the capability for the fluid to flow through
porous medium~see Huang 1991!. After getting rid ofe−ivt, the
time-independent boundary value problem can be construct
governing Eqs.~4! and ~9! with boundary conditions~11!, ~14!,
and ~17!–~20!.

Solution

Boundary Condition on Thin Porous Wall

When the porous wall is extremely thin~i.e., d in Fig. 1 is small!,
only the flow fields of Regions~1! and~2! need to be considere
i.e., we do not need to solve governing Eq.~9! with boundary
conditions~11! for j =3, ~17!, ~19!, and~20!. Therefore, the orig
nal boundary conditions~19! and ~20! on the interfacessx
= ±d/2d should be rectified and combined to obtain a new bo
ary condition that fits the thin porous wall and is independen
f3.

We will use Sahoo et al.~2000! as an example to introduce t
conventional way in dealing with the problem of an obliq
wave’s impact on a thin porous wall. Like other earlier stud
the boundary condition on the thin porous wall given in Saho
al. ~2000! is obtained under the assumption that, regardless o
incident angles, the wave always permeates into the porous
in normal direction~see Fig. 2!. For this inference, even if th
incoming water wave in Region~1! is parallel to the porous wa
~i.e., u=90°!, there still exists a normal wave inside the por
wall which then permeates completely into Region~2!. This phe-
nomenon is indeed paradoxical and is obviously against
physical expectation when the viscous effect of the water wa
so little and hence negligible. However, as the present w
know, this paradoxical result ofu=90° happens in all the earli
studies of relative problems; e.g. Darymple et al.~1991!, Sahoo e

al. ~2000!, etc.

JO
After many thoughts, we find that since the wavelengt
much longer than the thickness of the porous wall, there sh
be no diffraction. And because the water that transports the
inside the porous wall is still the same as those in Regions~1! and
~2!, no refraction occurs either. Hence, a new boundary cond
on the thin porous wall—which can remedy the above menti
paradoxical phenomenon asu=90°—is proposed based on
concept that the incident angleu remains unchanged when
water wave permeates into Region~3! as shown in Fig. 3.

Before the new boundary condition is derived, we may
from Fig. 3 that because the flow in Region~3! follows Darcy’s
law of porous media flow~i.e., the velocity vector is linear
proportional to the pressure gradient inside the porous w!,
when the incoming water wave is parallel to the thin porous
~i.e., u=90°!, as long as the viscous effect of fluid on the wa
negligible, the water wave will no longer penetrate the po
wall and appearing in Region~2!.

We now start to derive our new boundary condition on the
porous wall. For the oblique incoming wave, as shown in Fi
the flow is in the direction ofx8 axis and passes throu
x1s−d/2 ,y,z1d andx2sd/2 ,y,z2d on the wall. Therefore, it is ne
essary to take velocity vectors atx=x1 andx=x2. And, according
to Huang et al.~1993!, it is quite acceptable that the velocities

Fig. 2. Schematic diagram of oblique water wave impacting on a
porous wall@based on data from Sahoo et al.~2000!#

Fig. 3. Schematic diagram of oblique water wave impacting on a
porous wall in the present study
URNAL OF ENGINEERING MECHANICS © ASCE / JULY 2005 / 723
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identical from the entrance to the exit along a streamline in
the thin porous wall. Then, referring to Huang et al.~1993!, we
get

U ]f3

]x8
U

s−d/2,y,z1d
=U ]f3

]x8
U

sd/2,y,z2d
=

1

l
suf3usd/2,y,z2d −uf3us−d/2,y,z1dd

s23d

Substituting]f3/]x8=s1/cosuds]f3/]xd and l =d/cosu into Eq.
~23!, it is obtained that

U ]f3

]x
U

f−sd/2d,y,z1g
=U ]f3

]x
U

sd/2,y,z2d

=
1

d
suf3usd/2,y,z2d −uf3uf−sd/2d,y,z1gdcos2 u s24d

On the other hand, referring to the continuous mass flux
dition and continuous pressure condition on the interfaces~i.e., at
x=x1 andx=x2!, Eq. ~19! can be rewritten as

U ]f1

]x
U

f−sd/2d,y,z1g
= n0U ]f3

]x
U

f−sd/2d,y,z1g
s25d

U ]f2

]x
U

sd/2,y,z2d
= n0U ]f3

]x
U

sd/2,y,z2d
s26d

and Eq.~20! can be expressed as

uiRf1uf−sd/2d,y,z1g =usiR − 1df3uf−sd/2d,y,z1g s27d

uiRf2usd/2,y,z2d =usiR − 1df3usd/2,y,z2d s28d

Eq. ~28! minus Eq.~27! gives

iRsuf2usd/2,y,z2d −uf1uf−sd/2d,y,z1gd

= siR − 1dsuf3usd/2,y,z2d −uf3uf−sd/2d,y,z1gd s29d

Now, substituting Eqs.~25!, ~26!, and ~29! into Eq. ~24! and
getting rid of f3, the final form of boundary conditions on t
interfaces are obtained as

U ]f1

]x
U

f−sd/2d,y,z1g
=U ]f2

]x
U

sd/2,y,z2d

=
n0

d

iR

1 − iR
suf1uf−sd/2d,y,z1g −uf2usd/2,y,z2ddcos2u

s30d

Eq. ~30! is the boundary condition suitable for the thin por
wall impacted by the oblique water wave. It is obviously obse
from Eqs.~25!, ~26!, and~30! that whenu=90°, there will be no
normal velocity on each side of the porous wall, which satis
Darcy’s law and indeed agrees to our physical expectation.

From Fig. 3, we findz=z1−sd/2dtanu=z2+sd/2dtanu. Hence
Eq. ~30! can be written as

U ]f1

]x
U

f−sd/2d,y,zg
=U ]f2

]x
U

sd/2,y,zd

=
n0

d

iR

1 − iR
suf1uf−sd/2d,y,zg −uf2usd/2,y,zddcos2u

s30ad
as a good approximation whend is extremely small. Eq.~30a! is
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the boundary condition that we are going to use. The boun
condition on the thin porous wall which is used in Sahoo e
~2000! is similar to Eq.~30a! but without cos2u.

Analytical Solution

By applying Eqs.~21! and ~22! into the governing Eq.~4! and
boundary conditions~11!, ~14!, ~18!, and ~30a!, the analytica
solution is easily obtained as

f1sx,y,zd = f0heijfx+sd/2dg + A0e
−ijsx+sd/2ddjcoshsk0ydeizz s31d

f2sx,y,zd = f0heijfx−sd/2dg − A0e
ijfx−sd/2dgjcoshsk0ydeizz s32d

with

f0 = −
iag

v coshsk0hd
s33d

A0 =
jds1 − iRd

jds1 − iRd + 2n0Rcos2u
s34d

wherej=k0cosu, z=k0sinu and k0 satisfies the dispersion re
tion

v2 − gk0 tanhsk0hd = 0 s35d

It is clearly found that whenu=90°,

f1sx,y,zd = 2f0coshsk0ydeik0z s36d

f2sx,y,zd = 0 s37d

Eq. ~37!, again, indicates that when the incoming water wav
parallel to the porous wall, Region~2! remains quiescent and t
wave field does not appear. Hence, the paradox which o
when the parallel water wave acting on the thin porous wa
eliminated.

Physical Properties

Since thez variation of analytical solutions are the same, we
study all the physical properties in the condition thatz=0 for
representation.

By Eqs.~5a! and~5b!, the nondimensional perturbed pressu
on the interfacessx= ±d/2d are obtained as

U p1

rv2ah
U

x=−sd/2d
= Ap1

cosvt + Bp1
sinvt = Dp1

cossup1
− vtd

s38d

where

Ap1
= −

1

vah
Imsf0df1 + RsA0dgcoshsk0yd s39d

Bp1
= −

1

vah
Imsf0dImsA0dcoshsk0yd s40d

Dp1
= ÎAp1

2 + Bp1

2 s41d

up1
= tan−1SBp1

Ap
D s42d
1
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U p2

rv2ah
U

x=d/2
= Ap2

cosvt + Bp2
sinvt = Dp2

cossup2
− vtd

s43d

where

Ap2
= −

1

vah
Imsf0df1 − RsA0dgcoshsk0yd s44d

Bp2
=

1

vah
Imsf0dImsA0dcoshsk0yd s45d

Dp2
= ÎAp2

2 + Bp2

2 s46d

up2
= tan−1SBp2

Ap2

D s47d

whereR and Im indicate real and imaginary parts, respectiv
By Eq. ~1!, the nondimensional normal velocities on the in

facessx= ±d/2d are obtained as

U U1

− av
U

x=−sd/2d
= AU1

cosvt + BU1
sinvt = DU1

cossuU1
− vtd

s48d

where

AU1
=

1

av
j Imsf0df1 − RsA0dgcoshsk0yd s49d

BU1
= −

1

av
j Imsf0dImsA0dcoshsk0yd s50d

DU1
= ÎAU1

2 + BU1

2 s51d

uU1
= tan−1SBU1

AU1

D s52d

U U2

− av
U

x=d/2

= AU2
cosvt + BU2

sinvt = DU2
cossuU2

− vtd

s53d

where

AU2
=

1

av
j Imsf0df1 − RsA0dgcoshsk0yd s54d

BU2
= −

1

av
j Imsf0dImsA0dcoshsk0yd s55d

DU2
= ÎAU2

2 + BU2

2 s56d

uU2
= tan−1SBU2

AU2

D s57d

Similarly, by Eq.~1!, the nondimensional tangential velocities

the interfacessx= ±d/2d are obtained as

JO
U V1

− av
U

x=−sd/2d
= AV1

cosvt + BV1
sinvt = DV1

cossuV1
− vtd

s58d

where

AV1
=

1

av
k0Imsf0dImsA0dsinhsk0yd s59d

BV1
= −

1

av
k0Imsf0df1 + RsA0dgsinhsk0yd s60d

DV1
= ÎAV1

2 + BV1

2 s61d

uV1
= tan−1SBV1

AV1

D s62d

U V2

− av
U

x=d/2

= AV2
cosvt + BV2

sinvt = DV2
cossuV2

− vtd

s63d

where

AV2
= −

1

av
k0Imsf0dImsA0dsinhsk0yd s64d

BV2
= −

1

av
k0Imsf0df1 − RsA0dgsinhsk0yd s65d

DV2
= ÎAV2

2 + BV2

2 s66d

uV2
= tan−1SBV2

AV2

D s67d

By Eq. ~13!, the wave profile which takes off the incomi
wave h0 in Region ~1! and wave profile in Region~2! are ob-
tained as

Uh1

a
U

y=h

= RsA0dcosSjSx +
d

2
D + vtD

+ ImsA0dsinSjSx +
d

2
D + vtD s68d

Uh2

a
U

y=h

= cosSjSx −
d

2
D − vtD − RsA0dcosSjSx −

d

2
D − vtD

+ ImsA0dsinSjSx −
d

2
D − vtD s69d

The reflection coefficient and transmission coefficient of
wave field are defined as

Cr = Uh1

a
U2

= RsA0d2 + ImsA0d2, s70d

Ct = Uh2

a
U2

= f1 − RsA0dg2 + ImsA0d2 s71d
URNAL OF ENGINEERING MECHANICS © ASCE / JULY 2005 / 725
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In the present study, the so-called “thin” porous wall indic
that the thickness of the porous wall, compared to the wavele
is extremely short. Hence, due to the property of the thin po

Fig. 4. Distributions of perturbed pressure amp
wall, the local phenomenon of surface of seepage@see Eqs.~5a!,
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~5b!, ~10a!, and~10b! as well as Muskat~1946!# is neglected.
In the following analysis, we only apply the porosityn0=0.3

and the nondimensional wall thicknessd/2h=0.05 for demonstra
tion.

Fig. 4 reveals vertical distributions of perturbed pressure

for thin porous wall atx= ±d/2: ~a! Dp1
; and ~b! Dp2
litudes
plitudesDp1
and Dp2

of homogeneous fluid on the interfaces of



.
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fluid
the thin porous wallsx= ±d/2d. Dp1
and Dp2

are given by Eqs
~41! and ~46!. Since it will be easier for the water wave to p
from Region~1! to Region~2! as the porous Reynolds numbeR
grows, it is observed thatDp2

increases gradually whenR be-
comes larger. And as we expect, as the incident angle incre

Fig. 5. Distributions of normal velocity amplitu
Dp2
decreases monotonically; when the incoming water wave is

JO
,

parallel to the porous wall~i.e., u=90°!, Dp2
vanishes~i.e., when

one side of a thin porous wall is affected by a parallel water w
there is no water wave penetrating into the other side!. This resul
agrees with our physical expectation when viscous effect of
on the wall is negligible.

r thin porous wall atx= ±d/2: ~a! DU1
; and ~b! DU2
des fo
Fig. 5 indicates vertical distributions of normal velocity am-
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us

m-
5,
plitudesDU1
and DU2

of homogeneous fluid on the thin poro
wall sx= ±d/2d. DU1

andDU2
are given by Eqs.~51! and ~56!. It

is found from Fig. 5~b! thatDU2
shows a similar trend asDp2

does
in Fig. 4~b! asR andu vary. It can be seen that when the inco
ing water wave is parallel to the porous wall~i.e., u=90°!, DU2

,

Fig. 6. Distributions of tangential velocity ampli
certainly disappears. Note that because of the mass flux continuity

728 / JOURNAL OF ENGINEERING MECHANICS © ASCE / JULY 2005
condition from the property of the thin porous wall, figures ofDU1
are identical to those ofDU2

.
The vertical distributions of tangential velocity amplitudesDV1

and DV2
of homogeneous fluid are illustrated in Fig. 6.DV1

and
DV2

are given by Eqs.~61! and~66!. Beside same trend as Fig.

for thin porous wall atx= ±d/2: ~a! DV1
; and ~b! DV2
tudes
again, it is found that there is no tangential water wave penetrat-



e
from

s

e is
,
of a
ing into the original quiescent water field Region~2!# when the
incoming water wave is parallel to the thin porous wall.

Fig. 7 presents the wave profiles in Regions~1! and~2!. h1/a
andh2/a are given by Eqs.~68! and~69!. By analogy with abov
discussions, because it is easier for the water wave to pass

Fig. 7. Water wave profiles for
Region ~1! to Region ~2! as the porous Reynolds numberR

JO
grows, it is found thath2/a increases gradually whenR become
larger. Besides, with the increase of the incident angle,h2/a de-
creases monotonically. And when the incoming water wav
parallel to the porous wall~i.e., u=90°!, h2/a vanishes. This
again, confirms our physical expectation that when one side

orous wall:~a! h1/a; and ~b! h2/a
thin p
thin porous wall is affected by a parallel water wave, there is no
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water wave penetrating into the other side~provided that the vis
cous effect of water is negligible!.

The reflection coefficientCr and transmission coefficientCt

are most important in the analysis of the wave field.Cr andCt are
defined by Eqs.~70! and ~71!. Fig. 8 showsCr, Ct, and their
combinationCr +Ct with respect to the variations ofR. Note tha
there is a minimum value ofCr +Ct whenR is closed to 1 andu
is small. Also notice that in generalCr +Ct is less than 1 due to th
damping effect of the porous wall except when there is no w
passing through the porous wall~i.e., u=90°!. Based on the defi
nition of Cr +Ct, Fig. 8 indeed demonstrates the fact that the w
energy~excluding the incoming wave! plus the damping loss du
to the thin porous wall is conserved at any incident angle.

The values ofCr , Ct, andCr +Ct with respect to the incide
angleu are presented in Fig. 9. Comparing to Fig. 8, Fig. 9 ca
seen more distinctly howCr and Ct change owing to the vari

Fig. 8. Variations of reflection coefficients, transmission coefficie
and their combinations with respect to porous Reynolds numberR by
using our partial-slipping boundary condition:~a! Cr; ~b! Ct; and ~c!
Cr +Ct
tions of u. It is observed that with the increase of the incident

730 / JOURNAL OF ENGINEERING MECHANICS © ASCE / JULY 2005
angle,Cr smoothly approaches to 1, whileCt approaches 0 simu
taneously. On the other hand~see Fig. 10!, with conventiona
slipping boundary condition applied by all the earlier studies,
clearly found thatCr andCt approach 0 and 1, respectively, w
the increase of the incident angle; hence the transmitted wav
unreasonably captures all the wave energy as water wave i
allel to the porous wall. It obviously generates a paradoxica
sult. Therefore, it is concluded that our newly proposed pa
slipping boundary condition really reveals the advantage o

Fig. 9. Variations of reflection coefficients, transmission coefficie
and their combinations with respect to incident angleu by using ou
partial-slipping boundary condition
present study compared to earlier ones.
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Conclusions

Based on the concept that the wave direction remains unch
as it permeates into the thin porous medium, the present
thus derives a new boundary condition on the interfaces o
porous wall. According to this new boundary condition, an a
lytical solution of oblique water waves impacting on thin por
walls is obtained. The result eliminates the paradoxical phe
enon that the water wave permeates completely into the or
quiescent water field when its incoming direction is parallel to
porous wall as earlier studies. And as the incident angle

Fig. 10. Variations of reflection coefficients, transmission coe
cients, and their combinations with respect to incident angleu by
using conventional slipping boundary condition
proaches 90°, the reflection coefficient and the transmission coef-

JO
ficient reasonably converge to 1 and 0 respectively, while, o
contrary, those in the earlier studies converge to 0 and 1.

Since the thickness of porous structures are extremely
compared to the actual wavelength, a more reasonable wave
ping analysis of a harbor or coastal structure with the wave d
tion being taken into account can be expected by applying
concept of this study.
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Notation

The following symbols are used in this paper:
Cr 5 reflection coefficient;
Ct 5 transmission coefficient;

Dpj
5 nondimensional amplitude of perturbed pressure in

region j , j =1,2;
DUj

5 nondimensional amplitude of normal velocity in regio
j , j =1,2;

DVj
5 nondimensional amplitude of tangential velocity in

region j , j =1,2;
d 5 thickness of porous wall;
g 5 gravitational acceleration;
h 5 undisturbed water depth;
k 5 specific permeability of porous medium;

k0 5 wave number of propagating wave;
n0 5 porosity of porous medium;
pj 5 perturbed pressure in regionj , j =1,2,3;
R 5 porous Reynolds number;
Uj 5 normal velocity in regionj , j =1,2;
Vj 5 tangential velocity in regionj , j =1,2;
z 5 modified wave number of a propagating wave,z

=k0 sinu;
h0 5 wave profile of an incoming wave;
h1 5 wave profile in Region~1! with the incoming wave

being excluded;
h2 5 wave profile in Region~2!;
u 5 angle of incidence;
m 5 dynamic viscosity of fluid;
j 5 modified wave number of propagating wave,j=k0cosu;
r 5 density of fluid;

F j 5 velocity potential of flow in regionj , j =1,2,3;
f j 5 velocity potential of flow in regionj , j =1,2,3;F j

=sx,y,z,td=Rff jsx,ydeisk0sin uz−vtdg; and
v 5 angular frequency of the water wave.
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