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Experimental and Semi-Analytical Investigation of
Wave Interaction with Double Vertical Slotted Walls
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Abstract—Vertical slotted walls can be used as permeable
breakwaters to provide economical and environmental protection
from undesirable waves and currents inside the port. The permeable
breakwaters are partially protection and have been suggested to
overcome the environmental disadvantages of fully protection
breakwaters. For regular waves a semi-analytical model is based on
an eigenfunction expansion method and utilizes a boundary condition
at the surface of each wall are developed to detect the energy
dissipation through the slots. Extensive laboratory tests are carried
out to validate the semi-analytic models. The structure of the physical
model contains two walls and it consists of impermeable upper and
lower part, where the draft is based a decimal multiple of the total
depth. The middle part is permeable with a porosity of 50%. The
second barrier is located at a distant of 0.5, 1, 1.5 and 2 times of the
water depth from the first one. A comparison of the theoretical results
with previous studies and experimental measurements of the present
study show a good agreement and that, the semi-analytical model is
able to adequately reproduce most the important features of the
experiment.

Keywords—Permeable breakwater, double vertical slotted walls,
semi-analytical ~model, transmission coefficient, reflection
coefficient, energy dissipation coefficient.

I. INTRODUCTION

HE permeable breakwaters can be a sophisticated

alternative to overcome the environmental disadvantages
of fully protection breakwaters. The benefit of these structures
is decreasing the transmission and energy of waves and
consequently current inside a harbor and protect the coast
lines. Large amount of energy is dissipated by the special
geometry of barriers.

For many years, predictions of wave interactions with
impermeable structures have been explored for the case of an
impermeable breakwater on the basis of linear wave
diffraction theory. Numerical solutions have been developed
on the basis of the boundary element method [14] and the
eigenfunction expansion method for linear wave [15], [1], [8],
[9], [20], [2] [12] and nonlinear wave [3].
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Many researchers investigated the performance of partially
immersed bodies and pile breakwaters numerically by using
the Eigenfunction technique. Dalrymple et al. [5], Kakuno et
al. [10], Isaacson et al. [9] and Park et al. [18] provided
numerical solution for pile breakwaters. Abul-Azm [1]
provided numerical solutions for thin semi-immersed
breakwaters. Intensive efforts have been done to decrease
unwanted wave transmission and increase the wave dissipation
through the slots.

Since the wave interaction with a slotted vertical barrier is
in center of interest, some researchers explored this structure
to estimate the absorption of wave energy at free surface of the
seabed (e.g. [19], [7], [4], [22]). Based on the physical shape
of barrier the proportional of the porous barrier formulates a
complex phase between velocity and pressure gradient.
Moreover, Hagiwara [7]; Kriebel [13]; and Bennet et al. [4]
compared gratefully the experimental data of transmission and
reflection coefficient on the slotted barriers extending to the
seabed. Partial submerged barriers extended to a distance from
the sea surface are reported by Isaacson et al. [8].

Permeable barriers can not only reduce the wave reflection
on upside the barrier but also wave transmission to an
acceptable level. In order to achieve this purpose also two or
more barriers can be employed, e.g. [21] and [15]. The wave
interaction of a double screen breakwater was explored by [6].
Although, some studies compared theoretical and
experimental results of double vertical slotted barriers for
wave reflection and transmission, e.g. [11] and [7].This sort of
art need more efforts to discover new types that can dissipate a
huge part of energy.

This paper deals with a semi-analytical model for regular
waves to investigate the hydraulic performance of double
vertical slotted wall. Extensive laboratory investigations are
carried out to assess the semi-analytical model. A comparison
of the theoretical results with previous studies of Isaacson et
al. [9] and experimental measurements of the present study are
conducted. It is also of interest to compare hydraulic
performance of a single slotted wall [2] with a pair of them to
improve the benefits of using the second wall.

II. THEORETICAL INVESTMENT

A linear wave propagates toward double vertical slotted
wall breakwater. The first wall are located at distance of (- A)
from the origin point, while the second wall located at a
distance of (A) as shown in Fig. 1. The velocity potential
®(X,z,t) is a modified Laplace equation and “® ” is

assumed as a periodic motion in time T and it can be
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expressed as follows:
1
cosh kd

d(x,z,t) = Re( _;Ei:i #(X,2) ) (D)

where the symbol Re represents the real part of a complex
value, w is the wave angular frequency, g is the gravitational
acceleration, i=+/—1; K is the wave number and must be
satisfying the dispersion relationship @ = gk tanh(kd) .The

fluid domain can be divided into three sub-regions, @, , @, and
@, inregions 1, 2 and 3 respectively. It assumes that pressure

and horizontal velocity are equated along the matching
boundaries. Then, boundary and permeable conditions at
surface of each wall can be defined as follows:

a¢|(x):a¢z(x):0atX=—ﬂ
ox oX
For —du <z<o0and -d <z<-D 2)

04.(x) _94.(X) _satx = A
oX oX
For —du <z<0 and -d <z<-D 3)

Development of the permeable boundary along slots is
based on the formulation of Sollitt and Cross [19] and also Yu
[22] which is adopted in this study and given by:

2000 _ 98- 00 _iG ~(g,(x) - g, (x))
0x ox

atXx =—-A for —-D <z < —du (@)

0000 _ 9009 _iG (4,00 - 4, (%)
OX oX

atX = A for —-D <z < —du ©)

where; _ G is the proportional constant, G is called the
b
permeability parameter and it is defined as ; _ ¢ and
f—is

s=1+C, 1%

The solution of @, , ¢, and ¢, which are satisfying the

seabed free surface and radiation conditions. Moreover, the
velocity potential can be in a series of infinite number of
solutions as follow:

800 =4+ 3 A cosl 1, (d + )] exp( ar, (x+2)
atx < — A (6)
$.00 = 2 Ay cosl 1, (A + 2)]exp( —p1, (x+ )+

> A, cosl p,(d+ 2] exp( a4, (x = 2)

at—A4 < x< A4 (7

Sec. Plan X-X

Fig. 1 Definition sketch of double vertical slotted wall breakwater

4,(x) = 2 A, cosl i, (d + 2)] exp( —, (X - 1))
at—X > A (8)

where @, = cosh[ k (d+2)] exp (ikx) and p, is defined:

Mo ALy Ay cos[ u, (d +2)] = —u, cos[ u,(d +2)]
in condition of at — du < z < 0. Applying the matching
A, LA

and A,, can be determined. With substitution the equations

conditions at the breakwater; the coefficients A

im > 2m 3m

in last three equations, it will be derived:

Y A c0sL i1, (@ + 2)] = g1, cos] 1, (d + D)]exp(p2,2)

atX < -4 for—du<z<0and—d <zZ<-D (9

14,3 A, cosli, (d+2)]- 1, S A, cosli, (d +2)]exp2, ) =0

atX < =4 for—d <z<-Dand—du <z <0 (10)

4, DA, coslu, (d+2)Jexpe2u,A)— 1, S A, cosluy(d +2)]=0

atX > A for—du <z<0and—-d<z<-D (11)

1,3 A, cos] 1, (d +2)] = 0

atX < A for—du £z<0and -d <z<-D (12)
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Also:
(1, ~IG YA, cosli, (d +2)]+iG 3A, coslu,(d +2)]+

iG ’i A, cos[ p. (d+2z)]exp( —24u )=
m=0

(IG ™~ + uy)exp( ugA)cos[ u,(d +2)]
atX < -4 for —-D <z < —du (13)

(iG)I A, coslu, (d+2)]+(u, -G A, coslu, (d +2)]-

(G + 1,)Y. A, cos] u,(d + 2)]exp( ~24u,) =

m=0

~(iG “)exp( p,4)cos] g, (d + 2)]

atX < =4 for —-D £z < —du (14)
(s +1G )3 Ay cosl (0 + D] exp(~24,) =
(s =16 ") 3 Ay cosl s (d +2)] -
~iG 3 A, cos[ u,(d +2)] =0
atXm:; A for —-D £z < —-du (15)

(iG )Y A, cosl u, (d + 2)]exp(~24, ) +

iG’iAm coslu,(d +2)]+ (s, — iG’)iA,m cosfu, (d+2)]=0

atX < A for =D £z < —du

(16)

All of the above equations are integrated with respect to z
over the appropriate domain of z . For the present article z = -
du to 0.0, z=-D to -du and z = -d to —D. Then, each resulting
equation should be multiplied by cos[ x,(d + z)], and then

added to obtain two sets of equation for A_ . Thus the matrix

equation for A_, A, , A, and A will be:

r o0 o0 o0 o0 7
() () (mn) (mn)
DI I DY Yo
=0 =0 =0 =0
moc mw mDO mm Am bln
DI I D YD YO
21 22 23 24
m=0 m=0 m=0 m=0 Am — bZn
> > > >
(mn) (mn) (mn) (mn) b
ZC?»I chz ZCH ZCM An o
=0 =0 =0 =0
mac mw mw m:x; _A4m b4n
(mn) (mn) (mn) (mn)
ZCM ZCM ZC43 2044
| m=0 m=0 m=0 m=0 i
Forn=1,2,3, ...00 17)

where:

C.\ = t,[6,,(-du,0)+8,,(-d,~D)]+ (x4, -G )4, (-D,~du) (18)

C,=(G")o,, (-D,-du)

(19)

Cl3 = (iG’)exp(—Z/i,um )é‘r;n (—D,—dU) (20)
C.i;CusCy5C, =0 1)
C21 = (iGi)é‘n;n(—D,—dU) (22)

CZZ = lum[é;n (_d UJO) + é‘r;n (_d ’_D)] + (lum - IG7 )é;n(_D!_du) (23)

C.y = yexp(~2u,)[5,, (- du.0)+ 5, (- d.~D)]+
(IG + ,um)exp( _2/11um)§r;n (_D:_du) (24)

C,, = u, exp(-2Au )6, (-du,0)+ f_(-d,-D)]+

(iG + py)exp( =224 )0y (=D, —du)  (25)
C.,=—#4[3,(-du0)+4,(-d-D)+(G —4,)3,(-D~du (26
C,, = (-iG")5,, (-D,~du) 27)

C,, = (iG")exp(—24u, )5, (-D,—du) (28)
C,,=(iG")s,, (-D,~du) (29)

Cus = 14 Gn(-AU0) + 6, (=d.-DW]+ (4, =1G )6, (-D.~du) (30)

b, = u, exp(Au, )5, [(—du,0) + 5, (~D,~du)] +

(IG7 +/u0)exp(//{’/uo)6(;1(_d,_D) (31
b2n :(_iG_)exp(ﬂ’ﬂo)é‘o_n (_d ,—D) (32)
b}n = b4n = 0 (33)

55 (p,a) = [ cosl s, (d + 2 cos] p, (d +2)]dz (34)

1sinf(4, +44,)@+2)]  sinf(e, )@+ o
20 e, e X 35
11 . q (33)

T{Zym(d +2)+sin2x, (d +Z)]} form=n

/i ?

The matrix (17) is becomes a complex matrix equation of
rank 4N, which can be calculated for the first N unknown

values of each set coefficient A_, A, A and A, . The real
reflection (CR) and transmission coefficients (CT), are
assumed in terms of A_and A, by:

CR=|A,| (36)
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CT=|A,| 37
The energy losses coefficient (CE) is given by:
CE=1-(CR*+CT %) (38)

III.DESCRIPTION OF EXPERIMENTS

For investigation the wave interaction with breakwaters
many experiments have been conducted in a wave flume at the
hydraulic engineering section of the Bergische University of
Wuppertal-Germany (Fig. 1). The glassed wall flume is 24m
long, 0.30m wide, 0.5m deep but water depth of d = 0.3 m.
The proposed permeable breakwater model is a pair of vertical
slotted walls as shown in Fig. 2.

Fig. 3 View of double vertical slotted wall model

Every wall constructed of vertical panels with width of 2.5
cm, and thickness of 2.5 cm. In fact, the porosity of the
barriers is 50% in the middle part. Also, the draft of the
permeable area varies as a proportion of the water depth (dm=
0.2d, 0.4d, 0.6d and 0.8d). The upper and lower parts are
impermeable with different draft changes according to dm.
The regular waves with different frequencies of 0.5, 0.75, 1.0,
1.25, 1.5, 1.75 and 2.0 Hz, and also corresponding wave
height of 1.0, 1.0, 2.0, 2.0, 3.0, 4.0 and 4.0 cm are examined.
Moreover, the chamber width varies as proportion of the water

depth (2 A= 0.5, 1.0, 1.5 and 2.0d). First, three sensors were
kept in front of the model at a distance more than the longest
wave length considered in the testing program. The spacing
between the first three probes are adjusted for each of the
wave period so as to calculate the reflection coefficient by the
three-probe method of Mansard and Funke [16]. The wave
transmission is recorded by a sensor kept at the rear side of the
model at a distance of about the longest wavelength
considered for testing purpose. All readings are taken before
the impact of the absorber of the wave paddle and the flume
end by examining the plotted wave’s records and using the
approximate arrival time of the first reflected wave.

IV.RESULTS AND DISCUSSION

A.Validation

The validation of semi-analytical model has been done by a
comparison with the experimental and theoretical results of
Isaacson et al. [8] as show in Fig. 4. This comparison is
carried out to investigate the hydrodynamic characteristics of
two identical barrier through hydrodynamic characteristics
CR, CT and CE coefficients as a function of K.du. The
configuration of this comparison are; hi/L = 0.07, f=2, cm =
0.00, b= 1.3 cm, d = 0.45 cm and barrier spacing A = 1.1 du.

The agreement between the present study and the results of
Isaacson et al. [8] is found to be excellent despite small
differences of CT in long waves. The present study show
better convergence to experimental results of Isaacsonet et al.
[8] more than his theoretical.

B. Influence of the Permeable Depth

The influence of the permeable part “dm” on the
hydrodynamic characteristics of identical double vertical
slotted walls is plotted in Figs. 5-10, which indicate the
comparison of the measured and predicted transmission,
reflection, and energy dissipation coefficients as a function of
kd as shown in Figs. 5-8 and as a function of dm/d as shown in
Figs. 9 and 10. The wave steepness is hi/L = 0.025, the upper
and lower parts are impermeable, various permeability draft
examined as a water depth dm = 0.8, 0.6, 0,4 and 0.2 d.
Obviously, The draft of the upper and lower parts changed
according to dm. However, the values of the friction and the
addition mass coefficient can be taken as mean value of f = 2
and cm = 0 within this configuration on the basis of a best fit
between the measured and predicted values of the
transmission, reflection and energy dissipation coefficients.
The chamber width varies as a proportion of the water depth =
0.5, 1, 1.5 and 2d, as shown in Figs. 5-8.
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Fig. 4 Comparison of the present model with results of Isaacson et al.
[8] (a) CR, (b) CT and (c) CE

In general, the reflection coefficient, CR increases with
increasing kd at fixed dm and also increases with decreasing
dm at fixed kd. However, the trend of the transmission
coefficient, CT is opposite and is less for the model when the
dm = d (i.e. a pile case) and is maximum for dm = 0.00 (i.e.
the reflection coefficient = 100% for the wall), while the
transmission coefficient for this case is CT= 0.It is obvious
that the reflection and transmission coefficients are
approximately counter parameters with value between 0 and 1.
It means, when the former’s value increases and approaches 1,
the latter’s value decreases and comes close to 0 and vice
versa. For clarifying the effect of the portion of the
permeability for example at kd = 1, the reflection changes
from 25% to 58%, relatively transmission coefficient varies
from 75 % to almost 30 %. The energy dissipation, CE
gradually increases with increasing kd for the lower kd and
because of second barrier the dissipation rate rises to more
than 80 %.

Per. pile
Per. dm=0.6d
Per. dm=0.2d
Exp. dm=0.6d
Exp. dm=0.2d

Fig. 5 Comparison of prediction and experimental results as function
kd, at A/d = 0.25. (a) CR, (b) CT and (¢) CE

The differences between the measured and predicted results
are most notable in the energy loss coefficients. Note that the
energy loss coefficient is calculated directly from the
measured transmission and reflection coefficients so that the
scatter in the measured values is due in part to experimental
errors in measuring the transmitted and reflected waves.
Interestingly, the peaks in CR, CT, and CE charts are observed
and the number of peaks rises with increasing the chamber
width. For larger relative spacing, peaks in the transmission
and reflection coefficients occur when the relative draft
kd =nxz /(241/d), corresponding to resonant excitation

of partial standing waves between the barriers. This result
agrees with the result of double slotted barriers [8].
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Fig. 6 Comparison of prediction and experimental results as function
kd, ath/d = 0.5. (a) CR, (b) CT and (c) CE

The effect of the permeability part is also presented as a
function of the relative middle permeable part dm/d for
different chamber width as a proportion of the water depth as
shown in Figs. 8, 9. The middle part is permeable with
porosity & =50 % and various draft dm = 0.2: d, for different
kd =4.772 and 0.577. In general, choice of the opening area is
particularly important. The reflection coefficient, CR
decreases with increasing dm/d while the transmission
coefficient, CT follows the opposite trend. Therefore, the
efficiency of this type surpasses the efficiency of double rows
of pile breakwater, which has the same porosity. The target
protection can be achieved through the best choice for the
permeability area.

Overall, the agreement of the results is satisfactory when
the chamber width is a proportion of the water depth, although
there is some scatter between the experimental and predicted
results. Therefore, the numerical model is able to adequately
reproduce the most important features of the experimental
results, including the energy dissipation through the double
vertical slotted barrier.

A |- Per. pile

"""" Per. dm=0.6d
Per. dm=0.2d []
®  Exp. dm=0.6d
B Exp. dm=0.2d
T T

4 45 5

e
----- Per. pile

------- Per. dm=0.6d
Per. dm=0.2d |}
®  Exp. dm=0.6d
B Exp. dm=0.2d

4 45 5

-

----- Per. pile

------- Per. dm=0.6d

Per. dm=0.2d |{

®  Exp. dm=0.6

B Exp. dm=0.2d
7

Fig. 7 Comparison of prediction and experimental results as function
kd, atA/d = 0. (a) CR, (b) CT and (c) CE

C.Influence of Addition the Second Wall

It is also crucial to compare the influence of double vertical
slotted walls with the single wall. Figs. 11, 12 show a
comparison of the transmission, reflection and energy
dissipation coefficients of single and double vertical slotted
wall as functions of kd, for various A4 /d = 0.25, 0.5, 0.75
and d, f = 2.0, cm = 0.00, ¢ = 50 % and dm = 0.2d, 0.4d,
0.6dand 0.8d as shown in Figs. 10 and 11 respectively. As
expected, the addition of the second barrier has no distinct
influence on the reflection coefficient but has special and
distinct influence on the transmission and energy dissipation
coefficient. It is noted that there is a noticeable decrease in the
transmission coefficient up to 30 % and a noticeable increase
in the energy dissipation coefficient up to 40 %, because the
second wall dissipate an additional part from the energy of the
wave. Furthermore, it gives the least reflection coefficient,
which leads to decrease the force on the wall as well as to
decrease the transmission of waves inside the harbor. Finally,
the efficiency of this type surpasses the efficiency of a single
vertical wall, which has the same parameter in all cases.
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Per. dm=0.8d
------- Per. dm=0.4d
Per. wall ||
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Fig. 8 Comparison of prediction and experimental results as function
kd, atA/d = 0. (a) CR, (b) CT and (c) CE

V.CONCLUSION

This study describes the hydrodynamic characteristics of
linear wave interaction with double vertical slotted walls. For
regular wave, an Eigenfunction expansion method has been
developed to predict various hydrodynamic characteristics
(CR, CT and CE). The semi-analytical model is validated by
comparison with results of Isaacson et al. [8] and experimental
results.

A comparison between the hydraulic performance of a
single and double vertical slotted walls breakwaters has been
conducted.

Comparisons of corresponding semi-analytical results of
CR, CT and CE with experimental results showed that the
agreement is generally satisfactory and indicates that the
numerical model is able to adequately reproduce most of the
important features of the experimental results.

Fig. 9 Comparison between measured and predicted reflection and
transmission coefficients for A/d = 0.25. (a) T=0.5 sec, (b) T =2 sec

(CR,CT)

(CR,CT)

Fig. 10 Comparison between measured and predicted reflection and
transmission coefficients for A/d = 0.75. (a) T = 0.5 sec, (b) T=2 sec

The reflection coefficient, CR increases with increasing kd
at fixed dm and increases with decreasing dm at fixed kd. The
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transmission coefficient, CT follows the opposite trend. The
energy dissipation, CE slowly increases with increasing kd for
the lower kd and reaches more than 80 % because the second
barrier causes additional vortex, which dissipate more wave
energy. The target protection can be achieved through the best
choice for the permeability area.

The efficiency of this type surpasses the efficiency of
double rows of pile breakwater, which has the same porosity.
The addition of the second barrier has no distinct influence on
CR but has distinct influence on CT and CE.A noticeable
decrease in CT up to 30% and a noticeable increase in the
energy dissipation coefficient up to 40%, were remarked
because the second wall dissipate additional part from the
energy of wave.

CR

CE

1

0.8

0.6

0.4

0.2

Per.single wall
Per. 2 wall, A = 0.254
" —  Per.2wal, A =0.5d
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Fig. 11 Comparison between prediction results of single model [2]
and double vertical slotted wall as function of (kd) for various A/d (a)

CR, (b) CT and (c) CE
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Fig. 12 Comparison between prediction results of single model [2]
and double vertical slotted wall as function of (kd) for various A/d. (a)
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