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POROUS STRUCTURE BY SLOTTED SCREENS

KOTTALA PANDURANGA & SANTANU KOLEY
Department of Mathematics, Birla Institute of Technology and Science — Pilani, Hyderabad Campus, India

ABSTRACT

This paper presents the effectiveness of partially immersed slotted screens placed at a finite distance
away from the floating porous breakwater to mitigate the wave-induced hydrodynamic forces on the
floating breakwater. The fluid motion within the porous structure is analyzed using the Sollitt and Cross
model. Further, a non-linear pressure drop condition on the slotted screens is considered, which includes
the effects of wave height on the incident wave energy dissipation by the slotted screens. In the presence
of the non-linear boundary condition on the slotted screen, the associated boundary value problem is
solved numerically using the iterative multi-domain boundary element method. Various physical
interests of the study, such as reflection coefficient, transmission coefficient, wave energy dissipation
coefficient, and wave forces acting on the slotted screens and floating breakwater, are analyzed in detail
for various wave and structural parameters. The results show that the maximum wave-induced forces
acting on the porous breakwater are observed when the gap between the slotted screen and porous
breakwater is approximately equal to an integer multiple of half of the wavelength for different
porosities of the slotted screens.

Keywords: slotted screens, wave-induced forces, iterative multi-domain boundary element method,
reflection coefficient.

1 INTRODUCTION
Floating porous structures are commonly used as effective wave energy attenuators in the
coastal environment to protect the harbours and seawall structures from wave attacks. Due to
the continuous wave action on the floating porous structures and the demand of the
serviceability requirements, it is necessary to mitigate the wave-induced hydrodynamic
forces acting on the structures.

There are several ways to mitigate the wave-induced forces and structural responses of
floating structures. One among them is the installation of the bottom-founded breakwater
(Wang et al. [1]). However, the building of such conventional breakwaters is inadequate in
reducing the structural response of floating structures as they prevent the water circulation
around the structure, leading to environmental damage (Hong et al. [2]). Moreover, the
construction of the conventional breakwaters is complex and more expensive as the depth of
the sea increases. Therefore, several researchers proposed alternative wave attenuating
structures that could effectively mitigate the wave forces and work as an anti-motion device
for the floating structure such as the floating breakwater (Tay et al. [3]), mooring lines
(Nguyen et al. [4]), horizontal and vertical anti-motion plates attached to the structures (Ohta
[5]), submerged horizontal and inclined porous plates (Watanabe et al. [6], Cheng et al. [7]),
gill cells with the perforated bottom surface (Wang et al. [8]), etc. A semi-rigid connector in
reducing the structural response of the interconnected beams was used by Wang et al. [9].
Further, the study was extended by Gao et al. [10] using a flexible hinge-line connector. It
was observed that a flexible hinge-line connector was found to be more effective in reducing
the structural deflection of the floating VLFS than a semi-rigid connector when the incident
wavelength is small. Further, installing an anti-motion device such as OWC-WEC
(oscillating water column wave energy converter device) in front of the floating VLFS can
also effectively decreases the hydroelastic responses of floating VLFSs. Hong et al. [11]
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proposed an analytical method to evaluate the structural reduction efficiency of a T-shaped
freely floating breakwater with a built-in OWC device.

The aforementioned anti-motion systems can also be used to reduce wave-induced
hydrodynamic forces on the floating breakwater, in addition to mitigating wave-induced
structural responses. Huang et al. [12] presented a detailed review on the wave reflection and
transmission characteristics of perforated/slotted screens, as well as the incident wave energy
dissipation mechanism by perforated/slotted vertical and horizontal screens, and the
reduction of wave-induced forces acting on the bottom standing structures by surface-
piercing floating perforated/slotted screens. Vijay et al. [13] studied the effectiveness of pair
of permeable plates on reducing structural responses and wave forces on the floating structure
using the multi-domain boundary element method. Their study revealed that the floating
structure experiences the minimum wave forces when the twin porous plates are positioned
in the middle of the floating structure and the rigid wall. Sun et al. [14] examined the
installation of a submerged porous breakwater to mitigate wave loads on the floating bridge
decks. It was seen that the construction of the submerged porous breakwater at suitable
locations could significantly reduce the horizontal wave loads on the floating structure. Using
the method of matched eigenfunction expansions, Qiao et al. [15] studied the motion
responses and wave forces on the floating rigid breakwater attached to a pair of perforated
side plates. The wave-induced hydrodynamic forces on the floating rigid body reduced
significantly with an increase in the porous-effect parameter of the sides-walls when the
breakwater system is rotated about the center (lies at the bottom) of the floating body. From
these studies, it is observed that the slotted screens have a great impact on mitigating the
wave-induced loads on floating bodies. Further, several researchers considered the linearized
pressure drop condition across the perforated/slotted breakwater using the Darcy’s law (Qiao
et al. [15], Yip and Chwang [16]). But in general, the flow separation through the slotted
screen is quadratic in nature. The significance of this quadratic pressure drop condition is that
it includes the effects of wave height in dissipating the incident wave energy (Liu and Li
[17]).

In the present work, the mitigation of wave forces on the rectangular-shaped floating
porous breakwater by placing a pair of slotted screens on either side of the floating porous
breakwater is studied using the linear potential flow theory. The fluid motion in the
porous breakwater is analyzed using the Sollitt and Cross model [18]. Further, a non-linear
(quadratic) pressure drop condition on the slotted screen is adopted to study the efficiency of
the slotted screens on mitigating the wave loads acting on the floating porous breakwater. An
iterative boundary element method (BEM) is adopted to handle the non-linear pressure drop
condition on the slotted screen.

2 MATHEMATICAL FORMULATION
The schematic geometry of the rectangular-shaped floating porous breakwater protected by
two slotted screens placed on either side of the breakwater is shown in Fig. 1. To study the
interaction of the regular waves with the floating porous breakwater system, a two-
dimensional Cartesian system is adopted where the x-axis is taken as the horizontal axis, and
z-axis is taken vertically upward. Consider linear small-amplitude simple harmonic water
waves of wave height H, wavelength L, and circular frequency w propagating along with the
positive x-axis. For mathematical description, the structural parameters are represented as
water depth h, submergence depth of the porous breakwater d,, the width of the porous
breakwater B, submergence depth of the slotted screens d;. The space between the slotted
screen and breakwater is w (on either side of the breakwater). In the presence of the
breakwater system and pair of slotted screens, the total fluid domain is divided into six
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regions Q;, j =1,2,...6, as shown in Fig. 1. The computational domain of the present
physical problem is shown in Fig. 2.
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Figure 1:  Schematic diagram of floating porous breakwater protected by pair of slotted

screens.
. i I
I n 1 n 1 n (53 13
Q v .
I s12 1 pl 3 I p3 lssn
['I},
. !!1 132 ﬂs “6
1 r
Q =
4
i Fizg Fiss Fe
Tt Cia P Fis Fie

Figure 2: Computational domain of the physical problem.

It is assumed that the linear potential flow theory applies, i.e., the flow is incompressible,
inviscid, and its motion is irrotational. Then, the velocity potential ®;(x, z, t) in every region
is expressed as ®(x, z,t) = Re{¢p(x, z)e "'}, where the spatial velocity potentials satisfy
the Laplace equation

32 92D i
o+l =0, j=12..6, (1)

where the superscript j corresponds to the regions j for j = 1,2, ... 6.
The velocity potentials ¢ also satisfy the following boundary conditions (BC)
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1. The linearized free-surface BC at z = 0 is given by

apW)
0z

2 .
—%(s+if)q§(1) =0, on [y for j=1,2,3,56, )

where s is the inertial coefficient and f is the friction coefficient of the porous region. It is to
be noted that s = 1, f = 0 should be taken for the open water regions.

2. The interface BCs between the regions (14, Q,, Q4, Q5, and Q4 are written as

9 9@ 9@ 9™
¢(1) =¢(2)' ax  ox ' on [i1z, ¢(2) =¢(4)’ ax  ox ’ on liz, )

9™ a9 a9 9¢©
p® =¢®, o = o OonTiss, p® = ¢©, = o Onlise. “)

3. The BC on the horizontal seabed is written as

6))
22 -0, on Ty for j=1,2,456. (5)

4. The interface BCs between the open water regions £),, {5 and porous regions {13,
Q, are given by [18]

@ 3)
¢(2) = (S + lf) ¢(3)P a¢— = €a¢—ﬁ on Fpl;

ax ax
. 8™ ap®
¢(4) = (S + lf) ¢(3), ? =€ PP on Fp2, (6)
. ¢ ap®
¢® = (s +if) $®, ——=€=—, on I3

5. The non-linear (quadratic) pressure drop condition and the continuity of horizontal fluid
velocity at the slotted screen is given by [17]

D — @ — _ 8L 11 |06D 26D - 26D
3nw 2ut? | ox | ox T oax ’ onT %)
ap@ ap@ s12
ax  ox ’
$©) — p© = _ 8L 17121069 06D _ 0 96T
3mw 2ut3 | ox | ox 2 ox r ®)
96 3p©® 0N lsse,
ax  ox ’
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where 7; (j = 1, 2) are the porosity (geometrical) of the slotted screens, and u is the discharge
coefficient, respectively. Further, the expressions for the blockage coefficients C; are given
by [17]

6 1 281 , )
C; = 0.5d ——1 { —Int; + 57 +—‘L’} j=12,
T T 3

with d being the thickness of the screen and § being the distance between the centers of two
adjacent slots.

6. The far-field BCs at the two auxiliary boundaries placed at x = —Il and x = r are
represented as

(1)_p ()
lim (M+ ik (¢ — ¢(0))) (92)
xX——00 0.
. a¢p©
(47 ) =0 o
ng

( ) cosh ko(z+h)

where ¢(© = etkoxX7.(2), Z,(z coshiah

dispersion relatlon w? = gk tanh kh.

and k, is the real positive root of the

3 ITERATIVE BOUNDARY ELEMENT METHOD
In this section, an iterative boundary element method is adopted to solve the associated
boundary value problem, as discussed in Section 2. Applying Green’s second identity to the
velocity potential ¢p and Green’s function G, we obtain the resulting integral equation in each
of the regions (; for j = 1,2,...6, as ([20])

1 NP NPYYG)
;00Em = [, (dJU)a—nj— GO ;bn; )dr, (10)

where n; represents the unit outward normal to the boundary I of region j, and the Green’s
function and its normal derivatives are given by

36¥ _ 1 or
“on  zmron’

GO = Inr, == r=yJ@-?+z-m2 (n
In eqn (11), (x,z) and (&,n) are the field and source points, respectively. Now, discretize
the boundaries of each of the regions Q;, j = 1,2,...,6, into N; (number of boundary
elements on the boundary I} of the region {};) smooth elements. It is assumed that on each
boundary element, ¢U) and d¢Y)/ dn are constants. The discretized form of eqn (10) can
be written as [20], [21]

r(,gl]{ (1)}_,_ B {afbn }= 0, (12)
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formn=1,2,3,.., N, j=12,..,6, in which the influence coefficients a(]) and ,8(])
expressed as

06“ pY =

ad) = ——5mn +f dF f GO ar, (13)

[6))
In eqn (12), <;b(] ) and % denote the velocity potential and its normal derivative at the
j

midpoint of the n*"* boundary element of j* region. Further, &,,, represents the Kronecker
delta. On the other hand, the slotted screens share the same elements, i.e., the first (left)
slotted screen shares regions 1 and 2, similarly the second (right) slotted screen shares the
regions 5 and 6. Therefore, on the first slotted screen, i.e., on I, the m‘" boundary element
of region 1 and n‘" boundary element of region 2 is the same. The pressure drop condition
on the boundary I, is discretized as [17]

(1)
2 1 a¢
= O+ L, (14)
where
(1)
81 1-14 |0y,
Zin = 5ot o 261 (15)

Further, the discretized form of the continuity of horizontal velocity is written as

2o ooy

(16)

6n2 - 6n1 !

Similarly, the boundary conditions on the second slotted screen, i.e., on [54 are discretized
as

(6) (5)

apy” b
6n6 - an ! (17)

(5)
6 5 a¢.
W= b+ Zim (18)
where

. (5)

_ 8l 115 0P
Zom = 37 273 | oms + 2C,. (19)

In a similar manner, all other boundary conditions are discretized. Now, substitute all the
discretized BCs along with eqns (14)—(19) into eqn (12) to obtain ¢ and d¢pU)/ dn over
all boundary elements of each of the regions. It is to be noted that eqns (14) and (18) are non-
linear. Thus, an iterative procedure is needed to evaluate them. The steps for the iterative
procedure are as follows.
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( ) (5)
Step 1: Set - and —2- ¢ equal to zero (initial guess) in eqns (14) and (18) for the initial

iteration, and determlne Zlm and Z,,,. Then the algebraic system (12) becomes linear.
Step 2: Solve the algebraic system (12) using the Gauss elimination method to get the

¢(1) ¢(5)
updated values of M and —2-
onsg
4)(1) ¢(5)
Step 3: If the difference between the initial and updated values of 221 and 22mjjes within

the required error limit (i.e., 10™%), stop at step 2. Otherwise, take the average Values updated

s 10 0% ¢(s>

o, and set it as a new initial guess and repeat from Step 2. In the present analysis,
6]

the required accuracy is obtained for not more than 20 iterations. Once (j)(J ) and ¢" are
nj

obtained over each boundary element, the reflection coefficient C; and transmission
coefficient Cr are obtained by

Cr = |14 g [0, 9O (1L 2)Zy(2)dz| (20)
r = | o O )2 (@)dz], @1

where N¢ = f_oh Z2(z)dz. The energy loss coefficient C; is defined as (see [22] for detailed
derivations)

€, =1 -C3-C. (22)

The dimensionless horizontal and vertical wave forces acting on the porous floating
breakwater are evaluated using the following.

E=[2mG+ink ¢@ndr|,  E=[2z(+inf, ¢Onadr|. @3

4 VALIDATIONS

In Fig. 3(a) and 3(b), the present iterative-BEM-based solutions are compared with the
analytical solutions of Hu et al. [23] and Zhu and Chwang [19]. In Fig. 3(a), the reflection
coefficient Cy and the transmission coefficient C; are plotted against the non-dimensional
wave number kyd, with the physical parameters d, = 1 and h = 6.0d, for a floating rigid
structure without slotted screens. It is well known that the porous structure and slotted screens
become rigid when € = 0.0,s = 1.0, f = 0.0 and 7; = 0.0, j = 1,2, respectively. On the
other hand, the slotted screen will disappear when the porosity of the screen is set to unity.
As a limiting case to compare the present numerical solutions with Zhu and Chwang’s [19]
theoretical solutions, the floating rigid structure, and the first slotted screen with 7; = 0.5 are
fully extended till the bottom seabed with h = 8 m. The comparisons reveal that there a good
agreement between the present iterative-BEM solutions and theoretical results.
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Comparison of present numerical solution with (a) Hu et al. [23]; and (b) Zhu
and Chwang [19] theoretical solutions.

5 RESULTS AND DISCUSSIONS
Here, some of the numerical results are presented to study the effectiveness of the slotted
screens to mitigate the wave-induced forces acting on the floating porous breakwater. For the
computational calculations, the physical parameters are considered as follows: h =
10m, dy=%,d, =%, B=2hw=2, s=10,f =10, p=05,e =0.1,¢; = h/10,
T, = 7, = 0.1, unless otherwise mentioned.

In Fig. 4(a)-4(e), Cg, Cr, C;, F,, and F, are plotted as a function of the non-dimensional
relative space between the slotted screen and the porous breakwater w/L (L is the incident
wavelength) for different porosities of the slotted screens. It is observed that Cpg,
Cr, Cp, E., and F, follow a periodic oscillatory pattern as the gap between the slotted screen
and the floating porous breakwater increases. This periodic nature is due to continuous
reflection and transmission by the slotted screens and porous breakwater. Fig. 4(a) shows that
Cr decreases with an increase in the porosity of the slotted screens. This is due to a large
amount of incident wave energy being dissipated by the slotted screens and a porous floating
breakwater, as seen in Fig. 4(c). Moreover, there is a leftward shift in the maximum of the
reflection coefficient, and this is due to the phase shift of reflected waves by the slotted
screens and the breakwater. In Fig. 4(b), C; increases with an increase in the porosity of the
screens. It is observed that more than 98% of the wave energy dissipated with 20% porosity
of slotted screens and 10% porosity of the porous breakwater. Further, Fig. 4(d) and 4(e)
shows that the non-dimensional horizontal force F, and vertical force F, decrease with an
increase in the geometrical porosity of the slotted screen. The reason is that a significant
portion of the incoming wave energy is dissipated by the breakwater and slotted screens.

In both Fig. 4(d) and 4(e), the maximum wave-induced forces are observed when % = g,
n =1,2,3, ..., and the minimum wave-induced forces acting on the porous breakwater are
-1

2

observed in the intermediate points of < % < g, n = 1,2,3, ... for different porosities of

the slotted screens.
In Fig. 5(a)-5(e), Cg, Cr, C;, F,, and E, are plotted as a function of the non-dimensional
relative space between the slotted screen and the porous breakwater % (L is the incident

wavelength) for different submergence draft of the slotted screens % witht; =1, = 0.1. It
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Figure 4:  Variations of (a) Cg; (b) Cr; (¢) Cp; (d) F, ; and (e) E, vs w/L for different
porosity of the slotted screens with t; = 7,, kgh = 2.0.

is observed that Cy, Cy, C;, E., and F, follow a periodic oscillatory pattern as the gap between
the slotted screen and the floating porous breakwater increases. It is seen that in Fig. 5(a) and
5(b), the optimum Cg and Cr depend on the submergence draft of the surface-piercing slotted
screens. However, the position of optimum does not depend on the submergence draft of the
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Figure 5:  Variations of (a) Cg; (b) Cr; (¢) Cp; (d) E; and (e) F, vs w/L for different
submergence draft of the slotted screens % witht; =1, = 0.1, kgh = 2.0.

surface-piercing slotted screens. In general, more amount of wave energy is concentrated at
the free-surface. Therefore, surface-piercing slotted screens of shorter lengths dissipate more
amount of wave energy. It is seen that for the present study, a slotted screen of submergence

di 1 . . . . .
draft 71 =3 dissipates the maximum amount of incident wave energy with 10% screen
porosity. The maximum and minimum wave-induced horizontal and vertical forces on the
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floating breakwater depend on the submergence draft of the slotted screen. However, the
position of optimum does not depend on the submergence draft of the surface-piercing slotted
screen. It is observed that the optimum positions are the same as that of Fig. 4(d) and 4(e)
with small rightward phase shifts in the maximum wave forces.

6 CONCLUSIONS
This study develops an iterative-BEM-based numerical solution to study the effectiveness of
slotted screens to mitigate the wave-induced hydrodynamic forces acting on the floating
porous breakwater. The physical problem is studied within the framework of linear water
wave theory. Further, the numerical results are validated with previous works as a limiting
case of the present model. The numerical results show that

e The reflection, transmission, wave energy dissipation coefficients, and horizontal and
vertical wave forces on the floating structure follow a periodic oscillatory pattern as the
gap between the slotted screen and the floating porous breakwater increases.

e The reflection coefficient decreases with an increase in the porosity of the slotted screen.
Further, more than 98% of the incoming wave energy can be dissipated with 20%
porosities of the slotted screens and 10% porosity of the porous breakwater.

. . w n
e The maximum wave-induced forces are observed when TEpN= 1,2,3, ..., and the
minimum wave-induced forces acting on the porous breakwater are observed in the

(n:) < % < g, n = 1,2,3, ... for different porosities of the slotted

intermediate points
screen.
dy 1 4. . .
e A slotted screen of submergence length 71 =3 dissipates the maximum amount of

incident wave energy with 10% porosity of the slotted screen.

e The optimum wave-induced horizontal and vertical forces on the floating breakwater
depend on the submergence draft of the slotted screen. However, the positions of optima
do not depend on the submergence draft of the surface-piercing slotted screen.

The present study can be extended to deal with the seabed undulations as well as irregular
water waves. Further, the current solution method can be extended to various structures
having complex geometries that arise in ocean engineering.
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