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Vorwort (Hrsg.)

Die Kiistengebiete der Erde sind die bevorzugten Siedlungsrdume der Menschheit. Die
Siedlungsdichte ist hier besonders hoch, aber auch die Infrastruktur und die land-
wirtschaftliche Nutzung konzentrieren sich besonders in den flachen Niederungszonen der
Kiistengebiete. Gleichzeitig unterliegen fast alle Lockergesteinskiisten einer zunehmenden
Erosion, die zum grofsen Teil urséchlich auf den steigenden Meeresspiegel zuriickzufiithren
ist. Aber auch bauliche Eingriffe in den Flussregionen und Kiistenschutzmafnahmen
stellen héufig eine Ursache fiir eine regionale Verénderung der Sedimentverfrachtung dar.
Was an einer Stelle dem Kiistenschutz dient kann an anderer Stelle negative Folgen mit
sich bringen, so dass Kiistenschutzmafnahmen wissenschaftlich und ingenieurtechnisch mit

besonderer Weitsicht begriindet sein miissen.

Die Bevolkerungszunahme, die Verstddterung und die Konzentration von Werten in diesen
Regionen riicken in Kombination mit einem wahrscheinlich weiter beschleunigt ansteigen-
den Meeresspiegel die konkurrierenden Nutzungsanspriiche stiarker in das Bewusstsein und
wecken ein steigendes Bediirfnis nach Schutzeinrichtungen. Die Deltas der grofen Fliisse
stellen dabei die am meisten vom Meeresspiegelanstieg betroffenen Regionen dar. Dies
gilt insbesondere auch fiir das Nildelta. Aus dieser Sicht heraus sind mdoglichst einfache,
kostenglinstige und umweltvertrigliche Schutzmafnahmen gefragt, die bei der Verteidi-
gung der Kiistenlinie helfen konnen. Langfristig sind solche Mafnahmen in ein integri-
ertes KiistenZonenManagement einzubinden. Agypten ist gerade dabei sich auch von
der wissenschaftlichen Seite her mit diesen Problemen und méglichen Lésungsansétzen

zu beschiftigen. Die vorliegende Dissertation soll hierzu einen Beitrag leisten.

Wuppertal, Dezember 2011 Andreas Schlenkhoff
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Abstract

The development of coastal areas depends on shore protection against waves and
currents. Solid breakwaters are commonly used along shorelines, but they are often
unsuitable due to environmental impacts. Permeable breakwaters like rows of piles
have been suggested as a more environmentally friendly alternative, but the
performance of piles alone has been proven as too weak. Breakwaters with
impermeable skirts in combination with piles are assumed to perform better.
However, wave-structure-interaction and flow behavior of this type are more

complicated, but have to be analyzed before designing.

The objective of the present dissertation thesis is to describe the flow behavior and
the hydraulic performance of this kind of permeable breakwaters. A numerical model
has been developed based on an Eigen function expansion method for wave
interaction with a single and a double vertical slotted wall. Experimental tests have
been conducted on a model scale of 1 to 25 to validate the numerical model and to
assess the performance characteristics of the reflection (CR), transmission (C7) and
energy losses (CE). Additional, experimental tests have been conducted to measure
and analyze the velocity distribution in front and behind of the vertical slotted wall

and to understand the pattern that dissipates wave energy.

To fulfill the above-mentioned objectives, this thesis is divided into the following
Chapters: Chapter 1 gives an introduction into the problem. Chapter 2 is dealing with
the state of the art and an extensive literature review. A numerical model based on
Eigen fuction expansion is described in Chapter 3. The numerical model is suitable
to determine the wave interaction with single or double vertical slotted wall
breakwaters. Furthermore, Stokes second-order wave theory has been compared to
the linear wave theory assumption. In Chapter 4, a series of experimental tests are
shown, which have been conducted in the wave flume of the University of
Wuppertal. The set-up and the measurement devices are explained. Additional,
attention has been given to the measurement of the velocities via PIV. The results

have been discussed and analyzed with emphasis on the interaction of waves with the
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vertical slotted walls. In Chapter 5, the results of the numerical model are compared
with previous studies and the experimental work of this study. Chapter 6 closes with
a summary, concluding remarks, recommendations and suggestions for future

studies. The major results from this study are the following:

e The numerical model has been validated by comparisons with previous studies
and experimental results of this study. The agreement is generally satisfying.

e The degree of target protection can be achieved through a combination of
permeability area and its location.

e The coefficient of friction f and the coefficient of porosity & have significant
influence on CR, CT and CE of the permeable breakwaters, while the influence
of added mass coefficient c¢m is low and can be neglected for this
configuration.

e For the case of double walls, the second wall should be constructed at a
distance of an uneven multiple of a quarter of the wavelength (0.25 L, 0.75 L
and 1.25 L). This position can increase the dissipation of the energy up to 40 %
than a single wall.

e PIV measurements can be used in the laboratory for measuring the co-existing
and transmitted waves and to visualize the wave interaction with a permeable
breakwater. The achievable accuracy of PIV measurement within this set-up is

a function of the relative time incremento ¢ /7.

Finally, it is recommended to use vertical slotted walls as breakwaters for the
protection against waves, whenever it is possible. The progressively decreasing depth
of the permeability part of the wall can be used to minimize the transmission of wave
energy. For double rows of vertical slotted walls, the spacing between rows should

be an uneven multiple of a quarter of the wavelength.
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Deutsche Zusammenfassung

Die weitere Entwicklung von Kiistenregionen steht in engem Zusammenhang mit
den Moglichkeiten, geeignete SchutzmaBnahmen gegen Wellen und Strémung zu
schaffen. Ublicherweise werden fiir diesen Zweck massive, undurchlissige
Bauwerksstrukturen gebaut, die aber wegen gerade dieser Eigenschaften erhebliche
negative Nebeneffekte fiir die Umwelt mit sich bringen. Durchldssige Wellenbrecher,
wie zum Beispiel auf Liicke gesetzte Pfahlreihen, werden zwar als
umweltfreundlicher eingestuft, erreichen aber haufig nicht die gewlinschte
Schutzwirkung. Solche Wellenbrecher konnen allerdings in Kombination mit
undurchldssigen Schiirzen eine wesentlich bessere Wirkung entfalten. Die
hydrodynamischen Verhéltnisse der Um- und Durchstromung sowie die
Energieumwandlung durch die Interaktion zwischen Wellen und Bauwerk werden
sehr komplex, miissen aber fiir die angemessene Dimensionierung des Bauwerks

bekannt sein.

Ein Ziel der vorgelegten Dissertation ist die Beschreibung der
Stromungseigenschaften und der Wellen-Bauwerk-Interaktion. Dafiir wird ein
numerisches Modell genutzt, welches die Methode der Entwicklung nach
Eigenfunktionen verwendet. Als eine typische Bauwerkskonfiguration wird eine
bzw. mehrere hintereinander liegende, geschlitzte Wéande mit Schiirzen gewihlt. Die
Validierung des Modellansatzes wird mithilfe von Literaturdaten und physikalischen
Modellversuchen gefiihrt. Die eigenen Versuche werden in einem Malstab 1 zu 25 in
der Wellenrinne der Bergischen Universitit Wuppertal gefahren. Ziel der Versuche
ist die Bestimmung der hydrodynamischen Parameter wie Reflektion, Transmission
und Energiedissipation. Weiterhin wird das Geschwindigkeitsfeld vor und hinter dem

Bauwerk mittels PIV untersucht und anhand der Wirbelstrukturen beschrieben.

Die Dissertation gliedert sich wie folgt: Kapitel 1 gibt eine Einfiihrung in die
allgemeine Problematik. Kapitel 2 spiegelt den Stand des Wissens wider und gibt
eine ausfiihrliche Literaturiibersicht. Das numerische Modell, basierend auf der

Entwicklung von Eigenfunktionen, wird in Kapitel 3 beschrieben. Ziele des
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numerischen Modells sind die Bestimmung der hydrodynamischen Parameter und
die Beschreibung der Welleninteraktion mit dem Bauwerk. Weiterhin wird das
zunichst entwickelte Modell, welches sich auf die lineare Wellentheorie stiitzt, nach
der Stoke’schen Second Order Theorie erweitert, um auch im Grenzbereich langerer
Wellen noch Aussagen treffen zu konnen. In Kapitel 4 werden die Versuchsreihen,
die in der Wellenrinne der Bergischen Universitdt Wuppertal durchgefiihrt wurden,
beschrieben. Dabei werden der gewéhlte Versuchsaufbau und die eingesetzte
Messtechnik erldutert. Zusétzlich werden die Geschwindigkeitsmessungen, die mit
einem PIV System durchgefiihrt worden sind, hinsichtlich der Messgenauigkeit
optimiert. Die Messtechnik und die daraus ableitbaren Ergebnisse werden diskutiert.
In Kapitel 5 werden die Ergebnisse der numerischen Simulation den Ergebnissen der
Versuchsreihen und zusétzlich den Ergebnissen von verfligbaren Untersuchungen
aus der Literatur gegeniibergestellt, diskutiert und bewertet. Die wichtigsten
Ergebnisse der Dissertation werden in Kapitel 6 noch einmal zusammengefasst und

zusammen mit Empfehlungen und einem Ausblick bewertet.

Die wichtigsten Ergebnisse dieser Dissertation sind:

e Das entwickelte numerische Modell ist gut geeignet, die hydrodynamische
Wirkungsweise des untersuchten Bauwerkstyps zu beschreiben.

e Das untersuchte Bauwerk, bestehend aus einer Kombination von einer oder
mehreren Pfahlreihen und undurchlidssigen Schiirzen, kann die gewiinschte
Wirkung durch eine geeignete Wahl und Anordnung der durchldssigen
Bauwerksteile erreichen.

e Bei der numerischen Simulation haben der Reibungskoeffizient und die
Porositit den bestimmenden Einfluss auf die Bauwerkswirkung und damit auf
die Reflektion, die Transmission und die Energiedissipation. Die sogenannte
zusitzlich zu beschleunigende Masse (added mass), die im numerischen
Modell ebenfalls beriicksichtigt wird, hat hingegen nur einen unbedeutenden
Einfluss.

e Fiir die Bauwerkskonfiguration mit zwei hintereinander liegenden
geschlitzten Wiénden zeigt sich, dass der Abstand der Wénde im Verhéltnis

zur Wellenlidnge einen erheblichen Einfluss auf die Gesamtwirkung ausiibt.
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Eine maximale Energiedissipation kann erwartet werden, wenn der Abstand
zwischen den beiden Winden ein ungerades Vielfaches einer viertel
Wellenlidnge betriagt (0.25 L, 0.75 L, 1.25 L). Diese Anordnung erhoht die
Energiedissipation um biszu 40 %.

e PIV Messungen konnen im Labor den Erkenntnisgewinn {iber die
Stromungsphidnomene erheblich steigern. Die Unsicherheit bei der
Bestimmung der Geschwindigkeit in einem stark instationidren Stromungsfeld
kann durch die geeignete Wahl des relativen Zeitschrittes of /7 minimiert

werden.

Abschliefend kann der wuntersuchte Bauwerkstyp als gut geeignet fiir
Schutzmafinahmen gegen Wellen eingegestuft werden. Wegen der gut abstimmbaren
Wirkungsweise und den geringeren Umweltbeeintrachtigungen sollten daher
vorzugsweise geschlitzte Wénde aus einer Kombination von Pfdhlen und Schiirzen
gewihlt werden, wenn die Ortlichkeiten oder die Anspriiche an die Schutzwirkung es
erlauben. Es sind allerdings weitere Untersuchungen fiir die Optimierung des

Bauwerkstyps erforderlich.
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CHAPTER 1
INTRODUCTION

1.1  GENERAL

The development and use of coastal regions plays an important role in the national
income for many countries around the world. It is a source of attraction for human
activities. Therefore, it has enjoyed significantly structures like residential,
commercial, industrial buildings, public infrastructure projects and harbors projects,
which link between the country's internal and external world. Additionally, it is a
significant source for food through fishing activities, commercial cooperation and
has been recently provided with large areas for recreation and tourism facilities. A
major problem which face the development in these regions is how we can protect
the coastal area, harbors and marines by using the best methods, which have less side
effects on the adjacent and neighbor shores moreover could be environmental-
friendly as well as, it should be less expensive as possible. It is evidenced that most
sites for craft harbors, marinas, some parts of the coastal line and coastal aquaculture

facilities need some forms of perimeter protection.

In fact, there are many types of coastal protection structures such as artificial
beaches, nourishment, breakwaters, jetties, seawalls, artificial headlands and groins.
Many types of breakwaters can be used such as the main breakwater (Rubble mound
breakwater), massive vertical face breakwaters (block type, caisson type, and cellular
type), composite breakwaters (vertical super structure of plain concrete blocks or
caissons resting on a large foundation of rubble mound), and flexible breakwaters
(row of contact piles or sheet piles). The previous types are fully protection
breakwaters and the others are partial protection breakwaters such as (floating types,
submerged types, detached wall types and permeable breakwaters like screen types,

slotted vertical barriers, perforated caissons, array closely pipe breakwaters, pile-
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supported vertical wall breakwater or skirt breakwater. These types will be further

explained in detail in the forthcoming chapters.

Permeable breakwaters have already been implemented in form of pile breakwaters,
which are formed from a series of piles, placed in rows. Such breakwaters exist at
Hanstholm (Denmark) Photo 1.1, Marsa el Brega (Libya), Osaka (Japan) and Pass
Christian Mississippi (USA), (Sundar, 2003) and implemented in form of curtain
wall-pile breakwaters at Yeoho port (Korea), (Suh et al., 2007) Figure 1.1.

Photo 1.1: Hanstholm breakwater (Denmark). [8 - panoramio]
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Figurel.1: Cross section of the Yeoho port breakwater. [72 - Suh, 2007]
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1.2 STATEMENT OF THE PROBLEM

Breakwaters, either fully protection or partially protection, are structures constructed
to protect the shoreline, other coastal structures, marinas, etc. by reflecting and/or
dissipating the incident wave energy and thus reduce wave action in the leeside of
the breakwater system. The fully protection breakwaters provide a higher degree of
protection than partially protection breakwaters. However, a fully protection
breakwater may not be of a competitive cost and time of construction wise with a
permeable breakwater in relatively deeper water depths. Often they block littoral
drift and cause severe erosion and accretion in neighboring beaches and siltation of
navigation channel. In addition, they prevent the circulation of water and deteriorate
the water quality within the harbor. In some places, they obstruct the passage of fish
and bottom dwelling organisms and a solid soil foundation is also needed to support
such heavy structures. The most common type of fully protection breakwater is the
rubble mound, which consists of layers of graded stone with large concrete blocks as
armor layer, which increases the width for deeper water, leaving a large footprint and
requiring a great amount of construction. In addition, in offshore locations with
severe wave climate, the construction of rubble mound breakwater is not practical as
the stones are easily carried away by the waves. An alternative is concrete caissons,
which have inherent problems like scour and instability, because of excessive
reflections from its vertical solid face. The vertical composite breakwater is a better
option in which a rubble mound dissipates the wave under normal conditions and a
caisson wall provide additional protection at high tide. However, if the tidal current
is large, construction of a composite breakwater will create a disturbance to the

natural flow of water.

It is clear that the increasing construction cost and environmental constraints
encourage alternative considerations to the traditional fully protection breakwaters
for coastal shelter and shore protection. In order to overcome the above-mentioned
problems, permeable barriers were suggested. In order to reduce the wave reflection
on the up-wave side, to reduce the wave transmission to an acceptable level and to
make the incident turbulence and vortexes in the intermediate area depth, it is

proposed to use vertical barriers with impermeable parts in lower and upper of



4 Wave interaction with vertical slotted walls as a permeable breakwaters

barriers and permeable part in the middle as shown in Figure 1.2. This type of
breakwater is complex, where the lower part is considered as a submerged
breakwater, the middle part is considered as a slot barrier and the upper part is
considered as a semi-submerged barrier. The flow behavior through this type is
complicated and needs further studies to find out the hydrodynamic characteristics

and performance efficiency of this type in response to waves.

When an array of slotted walls that has more than one row is used, the phenomenon
becomes much more complicated and the second row of the slotted walls reflects a
portion of the energy. The reflected portion is partially transmitted back through the
first row and partially re-reflected by it. In addition, a portion of the energy is
scattered, the scattered wave having a frequency that depends upon the slots

dimensions, and a portion of the energy is dissipated by skin drag and form drag.

The flow behavior through a number of slotted walls is quite complicated. The wave
interaction with such structures is quite difficult and hence researchers focus on
experimental and theoretical investigations to understand the flow behavior through a
group of slotted walls. For the last several decades, considerable research has
focused on examining the efficiency of permeable structures as a breakwater by
evaluating its transmission, reflection characteristics and energy loss. This topic
needs further studies to find out the engineering solutions by encouraging the
provision of scientific technically, environmentally, economically sound and
sustainable perimeter protection measures, a move towards schemes designed to
work with nature rather than against, and this solution could enjoy high efficiency. In

addition, the proposal breakwater here has several important advantages, as follows:

o [t allows free passage of sediments, thereby reducing the potential erosion
on the down-drift side and reducing accretion on the north-drift side, they
are normally a result of the construction of a conventional fully protection
breakwater.

e [t allows for continuous refreshing the shore area water masses, which in
turn minimizes the pollution aspects and environmentally friendly giving

great advantage.
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The time of construction is short compared with some conventional fully
protection breakwater.

The construction of a permeable breakwater will allow the free passage of
tidal currents with the least disturbance to the environment.

The two slotted wall breakwater can be used as platform for small ships,
where they can approach them closer, and berth on its lee side for loading
and unloading operations.

It is practical, especially when the soil has a low bearing capacity.

Occupy small zone, in order not to affect the seabed creatures.

It is relatively inexpensive and considered as cost-effective in deeper waters

substitutes for the conventional type of breakwaters.
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Figure 1.2: Definition sketch for a vertical slotted wall breakwater.

RESEARCH METHODOLOGY

To fulfill the above-mentioned objectives, the following approaches are adopted:

1.

Literature review based on various sources of references such as theses,
technical papers, technical reports, books, patents, articles, etc., has been

conducted to provide sufficient knowledge about the different types of
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breakwaters and understanding wave attenuation concepts, wave protection
systems, laboratory and field studies for the design and investigations for
the similar types of permeable breakwaters.

Numerical models, applying the Eigen function expansion method, have
been developed to get the linear waves interaction with single and double
vertical slotted walls breakwaters and another numerical model has been
established to get the Stokes second-order wave interaction with a single
vertical slotted wall breakwater.

A series of the experimental tests were conducted for physical models with
different parameters under effect of linear waves for both single and double
vertical slotted wall. In addition to that, a series of the experimental tests
have been conducted to measure the velocity field by PIV and to plot the
velocity vector and vortex in front and behind the breakwater to understand
the pattern of flow and to interpret the energy dissipation. The
measurements were discussed and analyzed to detect interaction of waves
with the vertical slotted wall where the effect of permeability on wave
interaction with a barrier and the hydrodynamic characteristics of this
model were investigated via PIV.

Analysis, discussions and comparisons of the numerical models with
previous studies and with the experimental works of this study are
conducted to validate the numerical models. Curves and important
relationships between the different parameters are plotted and described.
Finally, summaries, conclusion remarks, recommendations and suggestions

for future studies are presented.



CHAPTER 2
LITERATURE REVIEW

21 INTRODUCTION

The development in coastal areas generally depends on protecting of the projects
against the water waves and currents. Breakwaters are commonly used along
shorelines, channel entrances, beaches, harbors, or marinas. There are no universal
standards or guidelines to define the maximum acceptable wave height within the
proposed project sites. The degree of wave protection and engineering design of
them depends on the owner’s or engineer’s perception of acceptable costs, the
characteristics of the location, environmental conditions, economics, types of the

available materials in the site, damage risks and the nature of use.

The main function of a breakwater is to provide shore protection by controlling the
wave height and current velocity allowed to be transmitted along the coast and inside
the harbors. In shore erosion control, breakwaters can be used to promote accretion
of a protective beach. Harbors may broadly be classified as natural and artificial. In
the later type, breakwaters are the main structures and classified according to the
degree of protection into fully protection breakwaters and partially protection
breakwaters. The fully protection breakwaters are commonly used and known as the
conventional breakwaters, although they have inherent drawbacks like being
massive, non-environmental, causing excessive reflections, uneconomical in deeper
water etc. while the partially protection breakwaters are recent-use and known as
nonconventional breakwaters and investigated to overcome the defects of the

conventional breakwaters.

Several studies were done in the past by many investigators to propose new
configurations of breakwaters, to improve their performance, and to study their

hydrodynamic behavior in attenuating the incident waves. Great attention was given



8 Wave interaction with vertical slotted walls as a permeable breakwater

in particular to the development of different geometric configurations. Attempts were
also made to understand the physical behavior of breakwaters action by various

numerical model studies.

In this chapter, a review of literature has been carried out based on the types of
breakwaters. Some of the available publications on the investigation of these types

have been reviewed to understand the recent developments in these types.

2.2 TYPES OF BREAKWATERS
2.2.1 Full protection breakwaters
There are many types of breakwaters; some of them are full protection breakwaters

like rubble mound breakwaters, solid vertical massive breakwaters, composite

breakwaters and flexible breakwaters.

Seaward ﬂ Shoreward Seaward r——J Shoreward
Sec. A=A pY Ya
1
Free- standing sheet piles Free- standing wall
Sei T al Seaward T Shoreward
i/ \ \
/7 W W
Sheet piles supports on both side Sheet piles supports on one side

Figure 2.1: Vertical flexible breakwaters. [77 - Truit, 1987]

These types form free-standing walls, or walls supported by battered piles, are shown
in Figure 2.1. Some of the full protection breakwaters were described in detail by

U. S. Army (1984). Flexible breakwaters are usually consisting of sheet-pile or
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reinforced concrete tubular piles of miscellaneous constructions (steel sheet piling
included), are propped either on one side or on both by piles (usually by concrete

piles).

2.2.1 Partial protection breakwaters

The objectives of these structures are basically to represent a balance between
environmental requirements for water quality inside the marine basin, and providing
partial wave protection for the sheltered site. As the water depth increases, a
breakwater that extends through the full water depth may be uneconomic, and the
partial protection breakwaters may be used instead. There are many types of the
partial protection breakwaters such as pneumatic and hydraulic breakwaters,
submerged breakwaters, floating breakwaters, flexible floating breakwaters, detached
breakwaters, perforated breakwaters, piles breakwaters, pipe breakwaters and slotted

breakwaters. Some of the partial protection breakwaters are shown in Figure 2.2:

(a) Perforated breakwater. (b) Slotted breakwater. [39 - Koraim, 2005]
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(c) Pipe breakwater. [17 - Galal, 2002]

Shoreward

(d) Closely spaced circular pile breakwater. [17 - Galal, 2002]
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(g) Partially immersed twin wall breakwater. [58 - Neelamani, 2002]
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LEE SIDE

(h) T-type breakwater. [56 - Neelamani, 2002]
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(i) L - type breakwater. [57 - Neelamani, 2002]
Figure 2.2: Some types of partial protection breakwaters.

The advantages of these breakwaters will be mentioned later. From the partial
protection breakwater types, the permeable wave barriers types are commonly used

as a good shore or marina protection system, so we will mention it in more detail.
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2.3 PREVIOUS STUDIES IN PERMEABLE BREAKWATERS

Wiegel (1960) presented some experimental results for intermediate water depths
and an approximate equation for calculating the wave transmission coefficient
behind a rigid, thin vertical floating barrier. The approximate solution assumed that
the transmitted wave power (average wave energy per unit time) is equal to the wave
power below the vertical breakwater. The author reported an equation for the
transmission coefficient depending on the small amplitude power wave theory. This
theory is found to satisfactorily predict the wave transmission for wave steepness up
to 0.05, especially when the depth of immersion of the plate is more than 20% of the
water depth.

Sollitt and Cross (1972) derived a theory to predict the wave reflection and
transmission characteristics of a permeable breakwater of rectangular cross section.
The theory solved for a damped wave component within the breakwater and matches
boundary condition at the windward and leeward breakwater faces to predict the
reflected and transmitted wave components. An approximate solution to the
conventional rubble mound breakwater designs was formulated with an additional
consideration for wave breaking. The small amplitude wave motion in the porous
medium was considered to be governed by the continuity equation. In the theoretical
formulation, it was assumed that, the force exerted by the porous medium in fluid
includes two components: (1) a resistance force, which is proportional to fluid
velocity, (2) an inertial force, which is linearly proportional to the fluid acceleration.
The resistance was expressed in terms of a friction coefficient. The friction
coefficient f was calculated implicitly using the Lorentz principle of equivalent work.
This principle states that the energy dissipation during one wave period should be the
same whether evaluated from the true nonlinear formula or from its equivalent
linearized form. In their linear approximation, the fluid velocity inside the medium
was assumed to be linearly proportional to the pressure difference between the two

sides of the porous medium.
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Grline et al. (1974) reported the transmission coefficient for vertical slotted walls as a
function of porosity, shape of wall element and wave approach direction through an
experimental study. It was concluded that the transmission coefficient reduces with
an increase in the wall thickness and wave steepness. The shape of the elements had

less influence for normally incident waves.

Abdul Khader et al. (1981) studied the hydraulic aspects of closely spaced circular
cylinders as a breakwater, with respect to parameters like cylinder spacing, cylinder
diameter, wave steepness and relative water depth and experimental results were
compared with the available theories. Case study of the closely spaced pile
breakwater, consisting of single row of octagonal piles, constructed in Singapore was
examined. The tests were done with pipes of diameters 37.8 mm and 25.1 mm with
different gap ratios resulting in porosity in the range of 5 % to 30 %. It was observed
that increase in transmission with porosity was rapid up to 20 % porosity and was
gradual beyond 20 %. The diameter of the cylinders did not significantly affect
transmission. For a given porosity, transmission was found to decrease slightly with

an increase in wave steepness and relative depth.

Hagiwara (1984) outlined a theoretical analysis using an integral equation derived for
the unknown horizontal velocity component in a previous wall. The integral equation
was proposed for estimating the reflection and transmission coefficients of upright
structures for wave dissipation, and various factors related to wave and structural
condition having influences on the wave dissipating characteristics. He examined
two-dimensional experiments in a wave channel 20 m long, 0.6 m wide and 1.0 m
deep. The breakwater model consists of two slotted walls as shown in Figure 2.3. He
concluded that the head loss coefficient and apparent orifice length related to the
drag coefficient Cd, the inertia coefficient s and the geometric dimensions of the
slotted wall. He found that the wave dissipating characteristics of the upright
structure with the pervious wall is explained well by the integral equation theory and
the theoretical results are in good agreement with experimental data with respect to

reflection, transmission and the wave dissipation coefficients.
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Figure 2.3: Breakwater with pervious vertical walls at both seaward and landward

sides. [22 - Hagiwara, 1984]

Hutchinson et al. (1984) conducted tests on a 1:12 model of the then proposed pile
breakwater for the Half Moon Bay Marina, Auckland, New Zealand and reported
that 50 % reduction in wave transmission could be obtained using 300 mm timber
vertical piles at 37mm spacing. The forces were found to be 22 kN per meter
compared to 53 kN per meter on a solid breakwater. It was further found that a
barrier 2 m deep, 1.5 m behind the pile breakwater reduced the wave transmission to

30 %.

Patarapanich et al. (1985) reported model tests on the 1:25 model of the breakwater
for the boat harbor at Jervoise Bay, in Western Australia at 10m water depths. The
submergence of the skirt was varied from 0.2 to 0.9 and the porosity was varied up to
20 %. The relative water depth was varied from 0.2 to 0.6 to model intermediate to
deep-water conditions. The skirt breakwater was recommended for short wave or for
deep-water conditions. Wave transmission was found to decrease with a decrease in
porosity and an increase in submergence of the skirt. The experimental results
showed higher transmission than the expected value of 0.3, which was estimated
based on power transmission theory beneath the rigid barrier of Wiegel (1960) and

expression of Hayashi et al., (1968) for transmission through closely spaced piles.
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The force acting on the skirt was found to be higher than theoretical value predicted
by potential flow theory and was much lower than the design wave force calculated

from the curves of Miche-Rundgren in shore protection manual (1984) .

Truit et al. (1987) conducted experimental studies on wave transmission through a
breakwater consisting of a single row of piles for both regular and random waves and
reported that experimental results on transmission coefficient followed closely with

the theoretical solution of Hayashi et al. (1966).

Gardner and Townsend (1988) reported their studies on model tests of a 250 m long
slotted vertical screen breakwater for a marina at Plymouth, England. The site
conditions prevented the construction of breakwater using rubble mound or caissons
or floating breakwaters. The requirements of the breakwater were to have minimum
size and least reflections along with required protection from waves. Hence a vertical
screen structure supported on piles was proposed. Reflection and transmission
coefficients were measured for single and double screens for which porosity was
varied between 8 % and 35 %. It is reported that a porosity of 8 % for a single and
16 % for double screen gave acceptable values of reflection CR and transmission CT
coefficients, and that the performance of screens with horizontal slots was similar to

screens with vertical slots.

Herbich (1989) studied the wave transmission through a breakwater consisting of
closely spaced piles experimentally (either one or two rows of circular piles with row
distance, center to center, equals to twice the pile diameter). Results showed that the
pile diameter has a minimal effect on wave transmission and the gap ratio (G/D) is
the most effective variable. The reduction in gap spacing from 20 % to 10 % reduced
the values of wave transmission coefficient by approximately 30 %. However, for a
10 % gap ratio (G/D), adding a second row of piles reduces the wave transmission
coefficient (C7) by about 5 to 10 %. Finally, the wave transmission coefficient

decreases as the wave steepness (4/L) increases.

Mani (1989) investigated experimentally transmission and reflection of single row
and double rows of vertical piles and suggested that a transmission coefficient of the

order of 0.5 can be achieved by providing double rows of piles at a G/D ratio of 0.22.
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Double rows of piles were found to be 30 % more efficient than a single row of piles

with the same G/D.

Dalrymple et al. (1991) investigated the reflection and transmission coefficients on a
porous breakwater for normal and oblique wave incidence. The problem was solved
by Eigen function expansions theory. For oblique wave incidence, the reflection and
transmission coefficients were significantly altered and they were calculated. Using a
plane-wave assumption, which involves neglecting the evanescent Eigen modes that
exist near the structure boundaries (to satisfy matching conditions), the problem were

reduced from a matrix problem to one, which was analytic.

Bennett et al. (1992) studied a mathematical model of a slotted wave screen
breakwater. A theory was given to describe the interaction of an incident plane wave
with a slotted wave screen breakwater. The effects of energy dissipation in the flow
through the screen were accounted for by a semi-empirical nonlinear term involving
a head-loss coefficient, expressed in terms of the screen porosity avoiding the need to
determine the coefficient experimentally. Calculations of the reflection coefficient
were presented for both an isolated screen and a screen with a solid backing wall and
compared with experimental data. The experimental results agreed well with
theoretical results. It was also observed that the results for both horizontal and

vertical orientation of slots were extremely close.

Fugazza et al. (1992) studied the hydraulic design of perforated breakwaters. The
authors analyzed the wave attenuation produced by the permeable structure and
propose design formulas that can be used for the optimized hydraulic design of
Jarlan-type breakwaters. A closed form solution for wave reflection from a multi
chamber perforated wall caisson was proposed. The proposed model, based on the
linear wave theory, was validated by comparison of the theoretical results with the
experimental measurements of other authors. It was shown that the reflection is
minimized when the wave chamber width is about one quarter of the wavelength.
The results showed that the Jarlan-type breakwater with a single chamber gives the
most effective wave reduction in the range of practical applications and that no

particular configuration of the porous wall can be suggested as the best one. The
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energy losses at the wall were computed using the plate orifice formula when the
diameter of the pores is relatively larger than 0.5 times the thickness of the wall;
otherwise the pipe formula was used. The size of the breakwater cannot be
standardized, since the optimum hydraulic design of the structure is linked to the
parameters of the design wave. Moreover, the proposed design formulas were used to

approximately predict the response of the structure to incident irregular waves.

Kriebel (1992) investigated wave transmission and wave forces for vertical wave
barriers. This type may be called wave screen or slit-type breakwater. A theoretical
analysis was reported based on application of continuity, momentum and energy
equations to flow through the slots in the breakwater, accounting for head losses
associated with flow constriction and re-expansion. Experimental test using regular
waves with four different frequencies were conducted. The author concluded, wave
transmission decreased as the wave steepness increased and as the porosity
decreased. However, wave forces increased under these same previous conditions.
The wave transmission decreased only at the expense of a large increased in the
wave force on the wall. The maximum wave energy dissipation occurred when

CT=0.5.

Kakuno et al. (1993) investigated the scattering of small amplitude water waves by
an array of vertical cylinders theoretically and experimentally. The authors
developed a method of matched asymptotic expansions to estimate the reflection and

the transmission coefficients without considering real fluid effects.

Losada et al. (1993) investigated obliquely impinging waves on dissipative
multilayered media, consisting of alternating layers of upright porous walls and
water, of equal or different thickness using linear wave theory. The tests confirmed
that the performance of upright absorbers with constant porosity can be improved by
decreasing the porosity of the porous screens towards the rear of the absorber for
w?d/g > 0.4 and that constant porosity absorbers produce minimum reflection when

w?d/g <0.3.

Allsop et al. (1994) described typical problems of harbor design and influence of

wave reflections from harbor structures. Modifications to existing vertical walls and
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alternative forms of construction were described with emphasis on porous structures
and slotted barriers. Use of multiple screens was recommended for increased
performance. Laboratory tests revealed that porosity in the range of 10 % to 25 %
and a spacing of the impermeable rear skirt at B/L in the range of 0.15 to 0.25 could

result in acceptable reflections.

Yu (1994) studied wave-induced oscillation in a semicircular harbor with porous
breakwaters based on the linear potential wave theory and a newly derived boundary
condition for the breakwaters. By separation of variables, general expressions of the
velocity potential in terms of unknown constants were obtained in the harbor region
and in the open sea. These expressions were matched so that the porous boundary
condition and the continuity of mass flux and free surface at the harbor entrance are
satisfied. The velocity potential and, consequently, the free surface oscillation in the
whole domain concerned were thus determined. The frequency response of a harbor
with breakwaters of various porous properties was investigated. It was noted that the
inertial effect of the porous structure is mainly to increase the resonant wave number
and it does not reduce the amplitude of the resonant oscillation significantly. On the
other hand, the porous resistance gave rise to little change of the resonant wave
number but it reduced the amplitude of the resonant oscillation effectively. A small
but finite permeability of the breakwater was found to be optimal to diminish the

resonant oscillation.

Lengricht (1995) studied experimentally attenuation of regular waves by different
semi submerged vertical seawalls. It was proved that dissipation of initial wave
energy can be extended when the semi submerged breakwater is designed as a
pervious wall, to induce additional turbulent motion in the flow. The most noticeable
result was that the rate of energy dissipation is not significantly influenced by the
type of construction (perforated or slotted) when relative void ratios and porosity of

the structure are equal.

Mani et al. (1995) investigated a suspended pipe breakwater for small harbors where
moderate wave agitations are admissible. The structure (Figure 2.4) consisted of a

row closely spaced pipes mounted onto a frame and suspended from support piles



20 Wave interaction with vertical slotted walls as a permeable breakwater

spaced far apart. This can be considered as variation of the skirt breakwater. It was
concluded that suspended pipe breakwater is economical, efficient and a promising
substitute for pile breakwater. A gap to diameter ratio of 0.22 and draft to water
depth ratio of 0.46 were recommended to achieve wave transmission coefficient less
than 0.5. They noticed that, for 4,/g7? > 0.008, the suspended pipe breakwater can
attenuate incident waves by 50 %. However, for 0.005 < 4,/g7? < 0.008, the incident
wave can attenuate by 40 %. The suspended pipe breakwater can reduce the
investment cost by about 40 % and attenuate waves with the same efficiency as that

of a row of closely spaced piles.
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Figure 2.4: Details of suspended pipe breakwater. [47 - Mani, 1998]

Suh et al. (1995) studied the wave reflection from perforated-wall caisson
breakwaters. Using the Galerkin Eigen function method, an analytical model was
developed that can predict the reflection coefficient of a perforated-wall caisson
mounted on a rubble foundation when the waves are obliquely incident to the
breakwater at an arbitrary angle. The waves were normally incident to a perforated-
wall caisson lying on a flat sea bottom, the result of the proposed model was shown

to exactly agree with the solution by Fugazza and Natale (1992).

Yu (1995) investigated the diffraction of water waves by porous breakwaters based
on the linear potential wave theory. The formulation of the problem included a newly

derived relation for the fluid motion through thin porous structures in addition to the
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conventional governing equation and boundary conditions for small-amplitude waves
in ideal fluids. The porous boundary condition, indirectly verified by collected
experimental data, was obtained by assuming that the flow within the porous medium
was governed by a convection-neglected and porous-effect-modeled Euler equation.
A vertically two-dimensional problem with long-crested waves propagating in the
normal direction of an infinite porous wall was solved and the solution was
compared with available experimental data. The wave diffraction by a semi-infinite
porous wall was studied by the boundary-layer method, in which the outer
approximation was formulated by virtue of the reduced two-dimensional solution. It
was demonstrated that neglecting of the inertial effect of the porous medium lead to

an under-estimate of the functional performance of the porous breakwaters.

McConnel et al. (1996) reported model studies of the seawall for the Victoria harbor
in Hong Kong, for which the Government of Hong Kong fixed the desired level of
reflection as less than 50 %. Different types of structures were considered and
detailed tests were done on chambered seawalls with porous walls by changing
chamber width, number of chambers, and the porosity. It was concluded that the
performance of more number of narrow slits were better than wider slits of the same
porosity. The B/L ratio of the chamber for least reflection was found to vary between

0.11 and 0.15 as against 0.2 to 0.25 as reported by earlier investigators.

Kakuno et al. (1997) investigated theoretically and experimentally the scattering of
small amplitude water waves impinging on several rows of vertical cylinders of
arbitrary cross section with or without a back-wall as shown in Figure 2.5. A
theoretical method of matched asymptotic expansions was developed without
considering real fluid effects. The energy loss caused by flow separation near
cylinders was modeled by introducing a complex blockage coefficient. The theory
with the empirical coefficients determined for an array of cylinders agrees well with
experimental results obtained using different scales of models with or without a back

wall.
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Figure 2.5: Rows of cylinders without a backwall. [38 - Kakuno, 1997]

Cox et al. (1998) presented an improved model of a curtain wall breakwater
consisting of a perforated front wall installed at some distance in front of the
impermeable rear curtain wall. Tests were carried out for understanding the impact of
water depth, wave length, incident wave height, barrier submergence, barrier
separation and porosity on transmission and reflection coefficients. The experiments
confirmed that reflections were minimized for an optimum front wall porosity of
about 20 %. The wave steepness was found to have little effect on transmission and
reflection coefficients. This concept was selected as the best suitable one for the
Royal Prince Alfred Yacht Club (RPAYC) on Pittwater in Sydney based on its
features like low reflection, visual impact, and low impact on current and sediment

flow.

Isaacson et al. (1998) outlined a numerical calculation of wave interactions with a
thin vertical slotted barrier extending from the water surface to some distance above
the seabed as shown in Figure 2.6. The numerical model is based on an Eigen
function expansion method and utilizes a boundary condition at the barrier surface
that accounts for energy dissipation within the barrier. The authors also described
laboratory tests to assess the proposed numerical method. The permeable wave
barrier was constructed of vertical panels of width 2.0 cm and thickness of 1.30 cm,
such that the porosity of the barrier can be varied by changing the dimensions of the
slots between the panel members. Half and fully immersed barriers with porosities of

0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 were tested.
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Figure 2.6: Vertical slotted barriers. [34 - Isaacson, 1998]

The numerical solution explained that, the reflection, transmission and head loss
coefficients depend on the permeability parameter G that is generally complex and
depend on the friction coefficient f and inertia coefficient s where the inertia

coefficient depend on the added mass coefficient cm and given by

f - is (2_1)

N 1 cm

where “ & ” is the porosity of the model (& = ¢/ w).

The numerical results compared well with the theoretical predictions for the limiting
cases of an impermeable barrier and a permeable barrier extending down to the
seabed, and close agreement was found in all cases. Comparisons with experimental
measurements of the transmission, reflection, and energy dissipation coefficients for
a partially submerged slotted barrier were carried out and it was found that a good
agreement between numerical and experimental results, using constant values of c¢m

and f for varying porosities, implied that, f and cm do not vary with porosity. The
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method was found to over predict slightly the wave transmission through the barrier
at high wave steepness. Based on comparison with experimental results, empirical
coefficients cm and f'to be used in the numerical model were suggested as 0 and 2
respectively. Further, the authors compared the effect of porosity on both partially
submerged and fully submerged slotted barriers using experimental and numerical
results. Constant values of added mass coefficient cm and friction parameter f were

used in both cases for all porosities and the numerical results.

Mani (1998) studied experimentally the wave transmission through partially
submerged pipe breakwater. The author developed a formula for estimating the wave
transmission coefficient and the wave acting forces. The author found that, the
transmission coefficient decreased as the wave parameter (4;/g7? ) increased and the
gap between piles (G) decreased. The dimensionless force also decreased
exponentially with increasing the wave steepness parameter. In addition, the force
acting on the structure depended largely on wave steepness, depth of submergence,
and gap to diameter ratio. Finally, results indicated that the submerged pipe
breakwater resulted in reduction of forces by about 20 to 40 % relative to the forces

acting on an equivalent solid plate.

Bergmann and Oumeraci (1999) conducted tests on a single and multiple chamber
system with porosity varying between 11 % and 40.5 % and proposed analytical
expressions for transmission C7 and reflection CR coefficients. The multi-chamber
system with progressively decreasing porosity of the screens was reported to be
efficient in wave damping. Multi-chamber systems were found to be effective over a

wider range of B/L beyond 0.3.

Chakrabarti (1999) investigated the interaction of waves with a breakwater
consisting of three rows of spaced panels separated by a chamber. The seaside panel
consisted of a single row with 40 % porosity while the port side panel consisted of
two closely spaced rows with 33 % porosity. This type of breakwater was found to
be most efficient for the ratio of g7%L in the range of 6-18. The differential pressures

experienced at the panels were only a fraction of the corresponding pressure
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expected at a solid vertical wall. At most frequencies of the waves, the loads on the

sea side panels were substantially lower than those in the port side panels.

Hsu and Wu (1999) studied the Second-order wave interaction with porous structures
numerically. In this study the mathematical formulation of water-wave interaction of
the fluid field with a porous structure as a two-dimensional, non-linear boundary
value problem (bvp) in terms of a generalized velocity potential was reported. The
non-linear bvp was reformulated into an infinite set of linear bvps of ascending order
by Stokes perturbation technique, with wave steepness as the perturbation parameter.
Only the first- and second-order linear bvps were retained in this study. Each linear
bvp was transformed into a boundary integral equation. In addition, the boundary
element method (BEM) with linear elements was developed and applied to solve the
first- and second-order integral equations. The first- and second-order wave profiles,
reflection and transmission coefficients, and the amplitude ratio of the second-order
components were computed as well. The numerical results demonstrated that the
second-order component can be neglected for a deep water-wave and may become

significant for an intermediate depth wave.

Isaacson et al. (1999) outlined a numerical calculation of wave interactions with a
pair of thin vertical slotted barriers extending from the water surface to some
distance above the seabed as shown in Figure 2.7. The authors also described
laboratory tests undertaken to assess the numerical model. The numerical model is
based on an Eigen function expansion method and utilizes a boundary condition at
the surface of each barrier which accounts for energy dissipation within the barrier.
Experiments were carried out by used pair of thin vertical slotted barriers with
porosities of 0, 5 and 10 % and spacing between them were 0.22, 0.55 and 1.1 of A/d.
Comparisons were carried out with previous numerical studies for a permeable
barrier extending down to the seabed, and close agreement was found in all cases.

Laboratory tests were carried out to provide an assessment of the numerical model.
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Figure 2.7: Vertical double slotted barriers. [35 - Isaacson, 1999]

A comparison of corresponding numerical predictions of the transmission, reflection
and energy dissipation coefficients with experimental results was given. The
agreement was generally satisfactory and indicated that the numerical method was
able to adequately account for the energy dissipation by the slotted breakwaters,
provided that the relevant empirical coefficients were chosen. The energy dissipation
within the slotted barrier was related to friction and added mass coefficients which

were estimated by fitting with experimental results.

Nakamura et al. (1999) proposed double skirt breakwater with different drafts to
reduce both transmission and reflection based on numerical and experimental studies.
The draft of the front skirt was recommended as half of the rear skirt for minimum
reflection. The energy dissipation of the double skirt was found to be much more
than single skirt and a maximum of about 95 % was observed. Flow visualization of
the experimental study revealed the presence of vortex flow beneath the skirts, with
the one beneath the front skirt being more pronounced. Larger vortices were

observed corresponding to minimum reflection coefficient.
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Subba et al. (1999) investigated the transmission of waves through two rows of
perforated piles for the influence of water depth, wave steepness, spacing between
piles and spacing of pile rows along with effect of staggering of piles. The studies
revealed that perforated piles attenuate more wave energy than non-perforated piles
and the staggering of piles had little effect on the wave transmission. The
transmission was found to be least when spacing between the pile rows equals pile

diameter for both perforated and non-perforated piles.

Park et al. (2000) developed an analytical model by using Eigen function expansion
method that can predict the scattering of irregular waves, in case of a breakwater
consisting of an array of vertical cylinders as shown in Figure 2.8. The authors
presented simple formulas for calculating the reflection and transmission
coefficients. The authors examined the prediction ability of the developed model by
comparing the theoretical results with the experimental ones. The experiments were
carried out in the wave flume at the Coastal and Harbour Engineering Research
Center of the Korea Ocean Research and Development Institute. The wave flume

was 53 m long, 1.25 m high, and 1.0 m wide, and all experiments were carried out in

water of 0.50 m depth.
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Figure 2.8: Vertical cylinders breakwater. [61 - Park, 2000]
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Hall et al. (2000) studied the wave transmission through multi-layered wave screens.
The model was a wave screen with a porous vertical wall, usually constructed using
rectangular slots oriented in either a horizontal or vertical direction and attached to
vertical piles or support structures as shown in Figure 2.9. A wave screen breakwater
was composed of a series of screens attached to the support system. Hydraulic
model tests were undertaken in a two-dimensional wave flume. The tests
investigated the impact of slot orientation, screen porosity and screen spacing on the
transmission coefficient for single, double and triple screen systems. The screens
were subjected to irregular wave conditions of varying wave height, wave period and
water depth. The results showed that wave screens could reduce wave transmission
by up to 60 % for a single screen and 80 % for a double screen. The wave
transmission was found to be a function of the number of screens used, screen
porosity and orientation, wave steepness, relative depth, d/g7? and dimensionless gap
space. Empirical equations were developed for single and double screen systems and
were able to predict the performance of the wave screens within 3 % of the actual

value for a single screen system and 9 % for a double screen system.

Vertical screen

Horizontal screen

Figure 2.9: Schematic showing horizontal and vertical orientations and screen

spacing. [23 - Hall, 2000]

Sahoo et al. (2000) investigated the trapping and generation of surface waves by

submerged vertical permeable barriers or plates kept at one end of a semi-infinitely
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long channel of finite depth for various barrier and plate configurations. The various
fixed barrier configurations were (1) a surface-piercing barrier; (2) a bottom-
touching barrier; (3) a barrier with a gap; and (4) a fully submerged barrier. The
theoretical solution was based on an Eigen function expansion method. In this study
the boundary condition on the porous obstacle was the one developed by Yu and
Chwang (1994), which is a generalization of the porous boundary condition
developed by Chwang (1983). It was observed that the porous effect parameter plays
a very important role in modeling the dissipation of the wave energy, and wave
trapping depends on the position of the barrier. The wave amplitudes at large
distances were obtained and analyzed for different values of the porous-effect

parameter and the distance between the wave maker and the channel end-wall.

Williams et al. (2000) investigated the interaction of linear waves with absorbing-
type caisson breakwaters, which possess one, or two, perforated or slotted front faces
which result in one, or two, interior fluid regions (chambers). A theoretical method
by Eigen function expansion technique was developed to calculate the reflection and
transmission and the energy dissipation (wave damping) under the assumption of
potential flow and linear wave theory a boundary-value problem within the interior
region(s) of a caisson breakwater. The perforated or slotted surfaces were idealized
as thin porous plates. Energy dissipation in the interior fluid region(s) inside the
breakwater was modeled through a damping function, which was taken to be
proportional to the chamber width and inversely proportional to the cube of the
incident wavelength. The theoretical predictions of the reflection coefficients for the
two-chamber structures using the present model were compared with those obtained
from laboratory experiments by other authors and a good agreement was found.
From this study, it was found that the inclusion of the damping in the interior fluid

region gives rise to improved agreement between theory and experiment.

Nakamura et al. (2001) investigated a new type of breakwater consisting of two
different walls to mitigate secondary effects which caused by high reflection waves
from conventional curtain-walled breakwater. The structure had a rear impermeable
curtain wall extending up to the seabed and located on the shore side of the

breakwater and the other was consisted of an array of inclined plates with the same
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gap and located on the offshore side. Draft depths of these walls are presumed to be
deep enough to overcome the tidal difference. The mechanism of effective
dissipation of wave energy was enhanced the generation of vortex flows from the
plate-array front wall. The experiments revealed that reflection is a minimum for a
definite value of B/L for each of the configurations tested. The minimum B/L for
down fin configuration is 0.13 whereas B/L for up fin configuration is 0.18 for
minimum reflection. For longer waves, the wave height inside the chamber was
higher than the incident wave, and no definite peak was observed corresponding to
the minimum reflection configuration. Comparison with impermeable curtain wall
for same draft and chamber width revealed that B/L for minimum transmission for
the present model was independent of tidal fluctuations; whereas, B/L of the

impermeable curtain wall for minimum reflection is dependent on tidal fluctuation.

Hall et al. (2001) investigated the transmission of waves through single and multiple
wave screens. The model was a porous vertical wall constructed by rectangular slats
oriented in either a horizontal or vertical direction and attached to vertical piles or
support structures. The experimental study were undertaken for the screens, where
they were subjected to irregular waves with varying wave height, wave period and
water depth. The authors concluded that the wave transmission can be reduced by
60 % for a single screen and 80 % for double screens. The transmission coefficient
was found to be a function of number of screens, porosity, orientation, wave
steepness, relative depth and gap between screens. Empirical equations were
developed for single and double screen systems for vertical and horizontal

arrangement of slats.

Zhu et al. (2001) investigated the interaction between waves and a slotted seawall
analytically as well as experimentally. The analytical investigations based on the
linear wave theory concluded that the porosity and the wave height influence
reflection, which is reported to be least when B/L of the chamber is around 0.25. The
reflection behavior becomes optimal when the porosity is moderate about 0.2. The
immersed depth had some effect on the reflection coefficient of the seawall structure,
but the improvement was small when the immersed depth was larger than the half of

the water depth. A series of physical model tests were carried out to examine the
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analytical results and the comparisons showed a good agreement, provided, certain
parameters of the model were suitably chosen. This demonstrated that the analytical
model is able to account adequately for the energy dissipation by the slotted plate

and can provide information for the design of such seawalls.

Requejo et al. (2002) derived a theoretical method by using an Eigen function
expansion method for the potential flow around and inside vertical porous
breakwaters for regular waves. He also investigated the extension to irregular waves.
Analytical expressions were derived for functional performance variables (reflection,
transmission and dissipation) and for stability (horizontal and vertical forces,
including the corresponding overturning moments). These expressions were
numerically exploited to demonstrate the capability of the model for design purposes.
The parameters required in the porous flow model were expressed in terms of the
porous material characteristics and were investigated experimentally. Some
additional experiments using a vertical permeable structure with an impermeable
back wall were carried out to validate the model. These experiments allowed the
calibration of the porous flow parameters (permeability coefficient, turbulent friction
coefficient and added mass coefficient). Calibration has been carried out minimizing
the errors between the numerical model and the experiments for dissipation inside
the porous rubble. The general agreement between model and experimental data was
found excellent. For the permeable structure with a back wall, it can be said that the
reflection and the dissipation depend strongly on the wave steepness and the relative
width, since these two parameters determine the location of the reflection. Once the
model was validated, its capability was exploited to analyze the influence of non-
dimensional parameters (structure width, stone size, porosity, wave height, period,

water depth, etc.) on the functional and stability behavior.

Sundar et al. (2003) investigated the hydrodynamic performance characteristics of a
quadrant front face, pile supported breakwater. The breakwater model consists of a
quadrant front face resting on piles. The authors reported the variation of the
reflection and transmission coefficients due to both regular and random waves as a
function of a scattering parameter and the effect of the gap ratio (spacing between the

piles/pile diameters) and relative water depth (water depth/pile height) on the above
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coefficients. In addition, the variation of dynamic pressures exerted on the quadrant
front face as well as the total forces exerted on the entire model were measured and

presented in a dimensionless form.

Koraim (2005) investigated the efficiency of three different partial protection
breakwater types theoretically and experimentally. The three breakwater models
were; a caisson partially immersed in the seawater and supported on a large spaced
pile system, a closely spaced vertical square or circular piles, and a caisson partially
immersed in the seawater and supported on closely spaced pile system. Different
wave, seabed, and structural characteristics affecting the breakwater efficiency were
taken into considerations. Eigen function expansion method was used to determine
the efficiency of this breakwater. The author concluded that, the caisson breakwater
is efficient in controlling the transmitted waves especially when the breakwater draft
is greater than 0.4 of the water depth and the breakwater width equal to the water
depth. The efficiency of the caisson breakwater increases when constructed on nearly
flat beaches and the supporting pile system increases the efficiency of the breakwater
as the number of piles per unit length of the breakwater increases. The embedded
length of the supporting piles must be increased to avoid the effect of the local scour.
The proposed theoretical model for estimating the transmitted wave heights using the
caisson breakwater gives good agreement with the experimental results. The
efficiency of the pile breakwaters increases as the waves become short and the gap-
width or diameter ratio decreases. The efficiency of the double row model is higher
than the single row model, and the efficiency of the double rows model increases as
the distance between the rows of piles increases. The square pile breakwater is more

efficient than the circular pile breakwater by an amount of 20 to 25 %.

Huang (2006) studied the interactions between narrow-banded random waves and
multi-chamber perforated structures. A time-domain method, based on linear velocity
potential theory, was presented to study the interaction between narrow-banded
random waves and perforated structures. A simple relation was derived to estimate
the jet length of flows through the perforated wall. The reflection coefficient of
narrow banded random waves from perforated structures was calculated by assuming

a Rayleigh distribution of the heights of incident random waves. A comparison of the
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predicted and measured reflection coefficients showed that the method could provide

a prediction better than that of regular waves.

Suh et al. (2006) described the hydrodynamic characteristics of a pile-supported
vertical wall breakwater, the upper part of which consisted of an impermeable
vertical wall and lower part consisted of an array of vertical piles as shown in
Figure 2.10. An Eigen function expansion method was used for the analysis and
estimated reflection, transmission, run-up and wave forces acting on the breakwater.
The method was further extended to random waves. The method adopted was similar
to Isaacson et al. (1998) except for the formulation of permeability parameter G, for

which the method of Mei et al. (1974) was adopted.
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Figure 2.10: Pile supported vertical wall breakwater. [71 - Suh, 2006]

The wave period was determined according to the frequency of the component wave,
while the root-mean-squared wave height was used for all the component waves to
compute the energy dissipation between piles. Large-scale laboratory experiments
were conducted for pile-supported vertical wall breakwaters with a constant spacing
between piles but various drafts of the upper vertical wall. Comparisons between
measurement and prediction showed that the numerical model adequately reproduces
most of the important features of the experimental results for both regular and
irregular waves. The pile-supported vertical wall breakwater always gave smaller

transmission and larger reflection than a curtain wall breakwater with the same draft
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as that of the upper wall, or a pile breakwater with the same porosity as that of the

lower part, of the pile-supported vertical wall breakwater.

Huang et al. (2007) investigated the scattering of long waves by slotted breakwaters
in the presence of currents by using a simple model. The theory was based on the
long wave equations without friction, and it was an extension of the theory which has
been described by Mei et al. (1974) for pure waves. The dissipation of wave energy
caused by the barrier was modeled by a linearized dissipation coefficient determined
by the Lorentz’s principle of equivalent work. For a moderate current strength, a
reasonable agreement was found between the predicted reflection and transmission
coefficients with the experimental results, showed that the model was promising in
modeling the wave scattering by slotted barriers in the presence of a current. Model
results showed that both the wave-following and wave-opposing currents can
increase the reflection coefficient and reduce the transmission coefficient. The model
can be used to study the interaction between long waves and similar models in

coastal waters.

Huang (2007) investigated the wave interaction with one or two rows of closely
spaced rectangular cylinders. Experimental results were reported on the wave
reflection and transmission through one row or two rows of closely spaced
rectangular cylinders. An empirical expression was proposed for the friction factor
which models the head loss due to closely spaced rectangular cylinders. Algebraic
expressions were presented to calculate the reflection and transmission coefficients
of regular waves for a single slotted wall or double slotted walls. Comparisons
between the experiments and calculations showed that the simplified model can
enable a quick calculation of the reflection and transmission coefficients to be made

with reasonable accuracy.

Laju et al. (2007) suggested using the piles supported double skirt as breakwater for
large draft modern container ships. The basic concept of a pile supported breakwater
was to serve as an impervious barrier near the free surface where there is more water
particle movement while leaving the lower region unobstructed. The barriers were

supported on closely spaced concrete or steel piles. The authors developed the
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numerical model of Isaacson et al. (1999) to be compatible with them search which,
based on Eigen function expansion theory for linear waves. The experimental studies
were described in detail to investigate the hydrodynamic characteristics of piles
supported double skirt. The numerical results were compared with the experimental

results and a good agreement in general was found.

Liu et al. (2007) investigated wave interaction with a new type of perforated
breakwater, consisting of a perforated front wall, a solid back wall and a wave
absorbing chamber between them with a two-layer rock-filled core. The fluid domain
was divided into three sub-domains according to the components of the breakwater.
Then by means of the matched Eigen function expansion method, an analytical
solution was obtained to assess the hydrodynamic performance of the new structure.
An approach based on a step approach method is introduced to solve the complex
dispersion equations for water wave motions within two-layer porous media.
Numerical results were compared with previous results of other researchers, and very
good agreement was found. It was found that the performances of perforated
breakwaters with two-layer or single-layer surface piercing rock fill are similar. In
addition, the perforated breakwater with a submerged rock-filled core of a suitable
thickness (a/h = 0.5 to 0.8) should be a better choice, when the reductions of the

wave force and the reflection coefficient are both required.

Suh et al. (2007) studied wave reflection and transmission by curtain wall-pile
breakwaters using circular piles. The mathematical model was used to compute the
hydrodynamic characteristics of a curtain wall-pile breakwater (CPB) using circular
piles as shown in Figure 2.11, by modifying the model developed for rectangular

piles by Suh et al. (2006).
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Figure 2.11 Circular piles supported vertical wall breakwater. [72 - Suh, 2007]

Laboratory experiments were conducted for CPB with various values of draft of
curtain wall, spacing between piles, wave height and period. The permeability

parameter in this study expressed by

1 (2.3)
P
0]

G =

where S = energy dissipation coefficient which were given by Kim (Suh et al.,

2006).

8a 1 5+ cosh( 2kd)
p=——ho :
or Jm+2y+[ﬂ2hﬁmmm2w)

(2.4)

where P =1k ; R = Bk / ® , & =head loss coefficient and given by the

plate orifice formula (Mei,1983)

a = 1—12
ol e (2.5)

c
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where C | = empirical contraction coefficient for which Mei et al. (1974) suggested

to use the formula

C =0.6+0.4¢’ (2.6)

and [ = length of the jet flowing through the gap between piles and related to the

blockage coefficient as

/I =2C (2.7)

c =Z—a(1—eu>21_1§, ¢=Z (-2 (2.8)
where &

6‘12 - ll) ie ?bjc)2 29)
with the spatially varying porosity

f(x)=1- NI/ - x (2.10)

(D /2)+a

They concluded that, as the draft of the curtain wall increases and the porosity
between piles decreases, the reflection and transmission coefficient increases and
decreases, respectively. As the relative water depth increases, however, the effect of
porosity disappears because the wave motion is minimal in the lower part of a water

column for short waves.
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Rageh et al. (2009) investigated the hydrodynamic efficiency of vertical walls with
horizontal slots. The model consisted of one row of vertical wall suspended on
supporting piles. The wall was divided into two parts; the upper part extending above

the water level to some distance below sea level was impermeable.
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Figure 2.12 Schematic diagram for the breakwater model [62 - Rageh, 2009]

The other part of the wall was permeable which is consisted of closely spaced
horizontal slots as shown in Figure 2.12. The model was investigated experimentally
and theoretically. The theoretical model was based on the linear wave theory and an
Eigen function expansion method. The efficiency of the breakwater was presented
experimentally and theoretically as a function of the transmission, the reflection and
the wave energy loss coefficients for different wave and structure parameters. The
theoretical results were compared with the experimental results and results of other
studies. The results indicated that the proposed theoretical model can be accepted for
predicting the different hydrodynamic coefficients when the friction factor ranged

from 5 to 6.

Mani (2009) investigated the experimental and numerical efficiency of zigzag porous

screen breakwater. The model was comprised of two rows of staggered piles with



Literature review and objectives of the study 39

zigzag porous screen suspended in between and submerged up various depths. The
numerical model was studied to determine wave transmission and reflection
coefficients were carried out based on the method of Yu (1995) for wave motion near
the porous boundary. The studies clearly indicated that the transmission coefficient
of the order of 0.5 can be achieved for A/gT° > 0.008 for 50 % submergence,
whereas the reflection coefficient can be effectively reduced to 0.2. The reduction in
wave force was of the order of 50 %, which was primarily due to reduction in
reflection coefficient. Substantial reduction in wave force contributes directly to
reduction in the cost of construction of the breakwater, a definite advantage over

other similar breakwaters.

Tao et al. (2009) studied wave interaction with a perforated cylindrical breakwater
analytically by linear potential wave theory. The breakwater was assumed a thin
skin, bottom-mounted and surface-piercing. The porosity of the breakwater was
uniform vertically but various in the circumferential direction. This allowed the
choice of a partially impermeable wall or a vertical slot in the breakwater. Three
different basic configurations of the breakwater were investigated, namely, (1)
uniformly porous cylinder; (2) porous cylinder with partial impermeable wall; and
(3) porous cylinder with an opening. The performance of these types of breakwaters
was studied. Wave parameters and breakwater configurations including angle and
position of opening or partial impermeable wall as well as porosity. Parametric
studies with regard to the wave-amplification factor, wave forces, and elevation
contours were made. The results were found useful in the design of coastal and
offshore structures. It was found that by making the porosity non uniform, the
amplification factor, wave forces, and elevation contours become more complex than
its counterpart of uniform porosity. Incident waves with smaller short-crestedness
along with solid walls generally result in larger wave forces, whilst an opening on the
breakwater and limiting incident waves, i.e., plane or standing waves clearly lead to
larger amplification factors within the breakwater. The effect of the location of the
solid or opening center appears to be insignificant on the inline wave force, but rather
significant on the transverse wave force. They concluded that the wave force is
insensitive to the location of the solid or opening center. Due to asymmetrical

geometry, wave forces induced by standing incident waves are no longer zero. Here
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the component in the direction perpendicular to the incident wave may come forth,

although the magnitude is normally small.

24  SUMMARY

From the review of the literature, the objectives of this study clearly arise in the

following important points.

- Permeable breakwaters are increasingly perceived as an environmentally
friendly design and many types of structures has already been examined.

- It has been observed shortening in the systematic analysis of the influence of
the porosity or the location and distribution of the barrier porosities.

- The proposed structure is a combination of several geometries, which already
were investigated, and it should combine the respective advantages in terms
of reflection, transmission and energy dissipation.

- The proposed structure in this study has not yet been studied.

- The main hydrodynamic characteristics that are relevant in the interaction of
waves with permeable structures can be described by the Eigen function
expansion method. This approach is expected to provide good results.

- The energy dissipation and the overall performance are depending on the
porosity of the structure as well as their arrangement. The friction and the
added mass coefficients are usually determined empirically by

experimentation.
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2.5 OBJECTIVES OF THE STUDY

The aims of the present study are to understand the hydrodynamic characteristics of
single and double vertical slotted walls through experimental studies and to
formulate a numerical model from a detailed parametric study with the various
parameters that are important in dictating its design. The objectives of this study can

be summarized as follows:

1. To develop a numerical model for regular linear wave interaction with a
single and double vertical slotted wall and to develop a numerical model for
nonlinear (Stokes second-order) wave interaction with a single vertical

slotted wall.

2. To validate and assess the performance characteristics of these breakwaters

by estimating CR, CT and CE, experimental tests were conducted.

3. To understand the flow behavior and hydrodynamic performance
characteristic of this proposed breakwaters under linear and nonlinear

waves (Stokes second-order theory).

4. To measure and analyze the velocity in front of and behind the breakwaters
and to understand the pattern that dissipates wave energy as well as to

investigate the wave interaction with the model via PIV.
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The Eigen function expansion method is the suitable tool to explore the hydraulic
characteristics for such permeable breakwaters and the laboratory studies are to
confirm and assess the theoretical assumptions. Therefore, the phases of the study

can be implemented as follows:

Theoretical investigations
e A theoretical study will be done to investigate the linear wave

interaction with single and double vertical slotted walls.

e A theoretical study will be done to investigate nonlinear wave
interaction with a single vertical slotted wall taking Stoke second-order

wave theory as an example.

Parametric study varying like wave characteristic, the draft of permeable and

impermeable parts and the spacing between two walls.

Experimental investigations
e Experimental studies could be done with a constant water depth and a

constant porosity of the permeable part.

e Further on, the impermeable upper and lower parts should be varied.
This is to investigate the influence of the proportion of the permeable

partdm =0.2 d, 0.4 d, 0.6 d and 0.8 d on the performance.

e Additional, the effect of a second wall should be experimentally
analyzed. Especially, the width of the gap between the two walls should

be optimized in order to maximize the energy dissipation.



CHAPTER 3
THEORETICAL INVESTIGATION

3.1 INTRODUCTION

Permeable breakwaters are employed to protect the harbor and the marina and to
attenuate the wave action wherever full protection breakwaters are not costly
effective and led to deterioration for water mass within the harbor. This type of
breakwaters provides shelter from waves and currents by dissipating the wave energy
and by permitting some wave action and water mass exchange through the sheltered

area, which in turn reduces the pollution inside the harbor.

Many authors investigated the performance of partially immersed bodies and pile
breakwaters numerically by using the Eigen function technique. Lamb (1932),
Martin and Dalrymple (1988), Kakuno and Liu (1993), Isaacson et al. (1998) and
Park et al. (2000) provided numerical solution for pile breakwaters. Abul-Azm

(1993) provided numerical solutions for thin semi-immersed breakwaters.

In this chapter, numerical solutions have been presented for wave interaction with a
permeable breakwater (vertical slotted wall). This solution depends mainly on the
exact numerical solution using Eigen function technique. This study has been used to

develop three numerical models

e The first model is applied for a structure of one row of a vertical slotted
wall with lower and upper impermeable parts and a permeable part in the
middle as shown in Figure 3.1. The numerical model can be used to count
the hydrodynamic characteristic (CR, CT and CE) for linear waves.

e The second model is similar to the first model but it can be used to count
the hydrodynamic characteristic (CR, CT and CE) for nonlinear wave

(Stokes second-order wave).
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e The third model is applied to a structure of two rows of identical vertical
slotted walls with lower and upper impermeable parts and a permeable part
in the middle as shown Figure 3.2. This numerical model can be used to
count the same hydrodynamic characteristic based on the linear wave

theory.

The first and second structure can be used to protect beaches and small or medium
harbors. The third structure serves multipurpose and it is useful for the big harbors.
The vessels can be berthed on the lee side and the top surface can be used for
loading/unloading as well as for movement of men and material. The numerical
solutions are based on Eigen function technique which has also been employed
earlier by Kakuno and Liu (1993), Isaacson et al. (1996, 1998), Park et al. (2000),
Koraim (2005), Suh et al. (2006), Laju et al. (2007) and Suh et al. (2007).

3.2 NUMERICAL MODEL BASED ON LINEAR WAVE THEORY
3.2.1 General

The wave interaction with a vertical slotted wall breakwater has been modeled for
linear, monochromatic waves. In general, the draft of lower and upper impermeable
parts is du and dw respectively as shown in Figure 3.1. The seabed is horizontal and
located at z = -d. The analysis assumptions are; waves are assumed to be regular,
small amplitude, normally incident on the structure. The wave height is /; and the
angular frequency is . The model is assumed as rigid with negligible deformations.
The fluid is incompressible, inviscid, and the motion is non-rotational. The
breakwater is continuous and located at x = 0. The distance between the centers of
two adjacent legs is denoted by 2B and the width of the opening between the legs is
denoted by 2a, and the thickness of the wall in the direction of x is denoted by b. The

porosity is denoted by & = a/B . The region where x < 0 is referred to as region

7 and the region at x > 0 is referred to as region 7, .
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Figure 3.1: Definition sketch for a vertical slotted wall breakwater.

The velocity potential @ is assumed as periodic motion in time T and it can be

expressed as follows:

—igh, 1
D ,Z,t) = Re : ’ 17
(%, 2,7) 20 #(x.2) cosh kd ¢

(3-1)

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

vertical spatial variation ¢, (x, z) should be determined in each region.
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3.2.2 Governing equations

The governing equations for the potential function@(x,z,¢)are the modified

Laplace’s equation, which are defined as follows:

o0’® e ‘o 0 -
9x® | 0z’ (-2)
The free surface boundary and the bed boundary conditions are:
oD o’
-—® =0 at z=0 (3-3)
oz g
oD
=0 at z=-d (3-4)
0z

We assume that the length scale of the flow near the breakwater is of the order of the
pile dimensions, which is much smaller than the wave length, so that the wall has no

thickness mathematically and the three-dimensional feature near the breakwater does

not significantly affect the two-dimensional solution. Then ¢1 (x,z) and
@, (x, z) must satisfy the following matching condition atx = 0 .

09, (x) _0¢.(x) _
Ox o0x

for — du < z< 0 and - d < z < -D (3-5)

3.2.3 Permeable boundary condition

The permeable boundary condition along the slotted wall may be developed based on
the formulation of Sollitt and Cross (1972) and as adopted by Yu (1995) and

Isaacson et al. (1998) for a thin vertical barrier. This may give:

09.(x) _ 9. (%) _ i (4 (x) - 4.(x)
X

ox 0
at x =0, - D £ z £ —du (3-6)
where the subscripts indicate the regions of the fluid domain and the horizontal mass

fluxes in the two regions must be the same at the breakwater and the horizontal
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velocity at the opening is proportional to the difference of velocity potentials, or the
pressure difference, across the breakwater. The proportional constant G' = G/b, G is
called the permeability parameter, which is generally complex. Equation (3-6)
corresponds to the fluid velocity normal to the piles being proportional to the
velocity potential across the slotted wall with a complex constant of proportionality.
The real part of G corresponds to the resistance of the piles. The imaginary part of G
corresponds to a phase differences between the velocity and the pressure due to
inertial effects. There are several ways to express the constant G that related the
permeability to the physics of the flow within the barrier. For example, the resistance
may be expressed in terms of a friction coefficient (e.g. Sollitt and Cross 1972), a
drag coefficient (e.g. Hagiwara 1984) and a head loss coefficient (e.g. Mei et al.
1974). The inertial effects are generally expressed in terms of an added mass
coefficient (e.g. Sollitt and Cross 1972) or an effective orifice length (e.g. Mei et al.
1974). We adopt the method of Isaacson et al. (1998), which depends on the method,
of Sollitt and Cross (1972) and G is then expressed as:

g
G = — 3-7
f —is 3-7)
where £ is the porosity of the piles, f is the friction coefficient and § is an inertia

coefficient given by:

(%)
s =1+ cm (3-9)

&

where “cm” is an added mass coefficient. The friction coefficient f can be calculated
from a linearization of the velocity squared term associated with the head loss across
the barrier. In the original formulation of Sollitt and Cross (1972), f is calculated
implicitly using the Lorentz principle of equivalent work so that the nonlinear effects
of wave steepness are retained. This requires an iterative procedure, and in the
present work we follow the formulation of Yu (1995) such that f'is treated simply as

a constant which is assumed to be known.
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3.2.4 Eigen function expansion

To obtain the solution for ¢1 and ¢2, which satisfy the seabed, free surface, and

radiation conditions, we use the Eigen function expansion method. We closely follow
the approach of Isaacson et al. (1998) and Suh et al. (2006). The velocity potential is

expressed as a series of infinite number of solutions:

b(x) =6~ A, cos] 1, (d + 2)] exp( 4, x) (3-9)
b=, + 3 A, cos] i, (d + )] exp( 41, ) (3-10)
where,

¢ = cosh[ k(d + z)]exp(ikx) (3-11)

where ¢ is the incident wave potential, A, are initially unknown, the wave numbers
4 are the solutions of the dispersion relation, @” = —gu tan(u d), which have
an infinite discrete set of real roots = ¢ (m = 1) for non-propagating evanescent
waves and a pair of imaginary roots x = ik for propagating waves. We take

i, = —ik so that the propagating waves in Egs. (3-9 and 3-10) correspond to

reflected and transmitted waves, respectively. We also take the positive roots for
(m = 1) so that the non-propagating waves die out exponentially with the distance
from the breakwater. Eqgs. (3-9 and 3-10) satisfy all relevant boundaries, they
automatically satisfy the requirement that the horizontal velocities must be matched
at the breakwater. In order to solve for the unknown coefficients, the matching

conditions are used at the breakwater.
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First, Egs. (3-9 and 3-10) are substituted into Egs. (3-5) and (3-6), respectively.

Then, we obtain the following equations:

Y A, cos] g, (d + 2)] = —p, cos p,(d + 2)]

m=o

at —du < z<0 (3-12)

u, S A, cos [u, (d+2)]= —p, cos p,(d+2)

m =o0

at —d <z<-D (3-13)

(4, = 2iG )Y Ay, cosl p,(d+2)] = -, cos[ p,(d+2)]

at — D < z < —du (3-14)

Now, Egs. (3-12), (3-13) and (3-14) can be multiplied bycos[ x# (d + z)], and
integrated with respect to z over the appropriate domain of z (i.e. for piles without
skirt z = -d to 0.0, for piles with upper skirt z = -du to 0.0, and z = -d to —du, for the
present study z = -du to 0.0, z = -D to -du and z = -d to -D). This gives rise of a

matrix equation for 4, :

> C,4,=b, for n=1,2,... (3-15)
where:

C =u 8 w[(—du,0)+(~d,~D)+ (u, — 2iG )6 w(~D,—du) (3-16)

b,=-ud [(—du,0)+(-D,~du)+(-d,~D)] (3-17)

8 w(p,q) = Jcos u,(d +z)]cos p,(d + z)]dz (3-18)

Ljsin[( g, +p)d+2)] sinl( p,-p)d+2)] o

_ 2] M+ U, M, -H, ,
L{zym(d+z)+sin[2y,,,(d+z)]}‘; for m=n

4u,

(3-19)
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5. (prgq)=fcosl u,(d + z)]cos] p,(d + z)]dz (3-20)

The numerical solution to equation (3-15) is truncated to a finite number of terms N,
and thus becomes a complex matrix equation of rank », which can be solved for the

first N unknown coefficient 4, . Once these were calculated, the various engineering

wave properties can be determined. The real reflection and transmission coefficients,

denoted (CR, CT) respectively, are defined as the appropriate ratios of wave heights:
CR=h,/h,and CT=h, / h,,where h,,h, are the reflected and transmitted wave

heights respectively. These are given in terms of 4, by

CR=|4,] (3-21)

CT=|4, +1| (3-22)

The energy losses coefficient (CE), which is the portion of the incident wave energy

that is dissipated by the breakwater, is given by

CE =1-CR? -cT? (3-23)
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3.3 NUMERICAL MODEL BASED ON NONLINEAR WAVE THEORY
3.3.1 General

In this section, the previous model for the vertical slotted wall has been developed

for the nonlinear waves (Stokes second-order wave theory).

The model has been developed for the same assumption and condition as for the
linear wave. The second-order velocity potential @ is assumed as periodic motion in

time 7 and can be expressed as follows:

: gh, 1
D(x,z,t)=—iRe| =—¢(x,z) —e ' +
( ) {2(0 4 ) cosh kd
3zxh ( 7h 1
LR L e 3-24
8 kT ( L j¢""'(x’z)sinh “hd) € } (3-24)

where the symbol Re represents the real part of a complex value. The first term

denoted for the first-order velocity potential. @ is wave angular frequency, g is
gravitational acceleration. i = ~/— 1 ; k = wave number and must be satisfying the
dispersion relationship @> = gk tanh( kd) , where the dispersion relation is the same

as that for of the linear wave [Chakrabarti (1987); Sarpkaya and Isaacson (1981)].

The horizontal and vertical spatial variation ¢ (x, z) should be determined in each

region.
3.3.2 Governing equations

The governing equations of this study are the same as for the previous model that are

mentioned in section 3.2.2.
3.3.3 Permeable boundary condition

The permeable boundary condition of this study is the same as for the previous

model that is mentioned in section 3.2.3.
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3.3.4 Eigen function expansion

To obtain the solution for ¢1 and ¢2, which satisfy the seabed, free surface, and

radiation conditions, it is used the Eigen function expansion method. We closely
follow the method of Isaacson et al. (1998) and Suh et al. (2006). The velocity

potential is expressed in a series of infinite number of solutions

$(x)=cd,+cd,-> A cosl u, (d+z)exp( p,x)+

c,cos[ 24, (d + z)]exp( 2u,x)] (3-25)

$.(x)=cd, +cd,+2 A Ac cosl u, (d+z)]exp( —p, x)+

c,cos[ 2pu (d+ z)exp( —2u x)} (3-26)
where,
¢, =cosh[ k(d + z)] exp( ikx) (3-27)
¢, =cosh[ 2k(d + z)] exp( 2ikx) (3-28)
c -8 e’ (3-29)

2w cosh( kd)
. = 37zh, (ﬂhij e’ (3-30)
* 87T \ L )sinh ‘(kd ) )

where @, is the first-order incident wave potential, @, is the second-order incident

wave potential, A4, is initially unknown, the wave numbers £ is the solution of the

dispersion relation as also has been discussed in section 3.2.4.

In order to solve for the unknown coefficients, the matching conditions are used at
the breakwater. First, Egs. (3-25) and (3-26) are substituted into Egs. (3-5) and (3-6),

respectively. Then, we obtain the following equation:
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> A {c cos u, (d + z)lu, +2u,c cos[ 2u,(d +2)]}=

—c,u,cosl p (d+z)]—2c,pu cos[2u, (d+z)]

at —du <z<0 (3-31)
i A {c1 cosl  (d +z)pu, +2u c cos[ 2u (d+ z)]}z

e, cos[ p1,(d +2)] - 2¢,p, cos[ 244, (d + 2)]

at —d <z<-D (3-32)

> A {(p, = 2iG e, cos[ p, (d + z)] +
(2u, —2iG e, cos[ 24, (d + z)]}= —c,u, cos[ u, (d + z)] -
2¢,u, cos[ 2u,(d + z2)]

at — D < z < —du (3-33)

Now, Egs. (3-31), (3-32) and (3-33) can be multiplied bycos[ u,(d + z)], and

integrated with respect to z over the appropriate domain of z (i.e. for piles without
skirt z = -d to 0.0, for piles with upper skirt z = -du to 0.0, and z = -d to —du, for the
present study z = -du to 0.0, z = -D to -du and z = -d to -D). This gives rise of a

matrix equation for 4, :

>C. A, =b, . for n=1,2, ... (3-34)

where:

C,. =, =2G )cd,,, +(2u, —2G )c,b,, [(=D,~du) +

n

[1,c0],, +2p,.0,,1(=du0)+ 1o, +2u,60,,1(-d=D) (3-35)

b,=(pco,, —2uco, N(=du0)+(=D,~du)+(-d,-D)] (3-36)
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8, (p.q)=fcos[ p, (d+z)]cos[ u (d+ z)]dz (3-37)
Lsin[( p, +p ) d+2)] sinl( g, -p)d+2]| L
_ )2 M, +u, M, H, .
41{2,um(d+z)+sin[ 2u,(d+2)]} for m=n
H, !
(3-38)
8., (p,q)=[cosl 2u, z]cos| u, zldz (3-39)
1sin[(2, + p,)(d +2)]  sinl(2u, -p)d+2)]" o L
_ 21 2pu, +u, 2p, p, ,
Lsin[3,um(a’+z)]+Lsin[,um(af+z) form=n
6u, 2p, ,
(3-40)
5o (pog)=Jcosl u,(d+z)cosl p,(d+z)d (3-41)
S (Prq)=[cos[ 2 z]cos] u, z]dz (3-42)

The numerical solution to equation (3-34) is similar to the solving equation (3-15).

Finally, the hydrodynamic characteristic CR, CT and CE are given in terms of 4,

by:

CR=|4,| (3-43)

CT=|1+ 4, (3-44)

The energy losses coefficient (CE), which is the portion of the incident wave energy

that is dissipated by the breakwater, is given by:

CE =1-CR? - (T ? (3-45)
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34 NUMERICAL MODEL FOR LINEAR WAVE WITH DOUBLE
VERTICAL SLOTTED WALL
3.4.1 General

In this section, a numerical model has been developed for the linear wave interaction
with double identical vertical slotted walls breakwaters. The model has been
developed for the same assumptions and conditions of the linear wave interaction
with single vertical slotted wall breakwaters. The first wall is located in the seaward
at a distance (-4) and the second unit is located in the shoreward at a distant (A1)
from the origin point with a horizontal slab as platform as shown in Figure (3-2). The

velocity potential @ (x, z,¢) was mentioned earlier in equation (3-1).

3.4.2 Governing equations

The governing equations for the potential function, @ (x,z,t) is the modified
Laplace equation which is defined in equation (3-2), The free surface boundary and
the bed boundary conditions were defined in equation (3-3) and (3-4) respectively.

The fluid domain is subdivided in to three regions by the breakwater and the two-

dimensional potential ¢ in Eq. (3-1) is denoted ¢1 , ¢2 and ¢3 in regions 1, 2 and 3

respectively. The pressure and horizontal velocity are equated along the matching
boundaries within the fluid, and are applied to suitable boundaries within the fluid
along the surface of each unit. The conditions along the matching boundaries are

thus:

09.(x) _0¢.(x) _,

Py oy at x =-—-A

for—du <z<0 and —d <z<-D (3-46)
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04,(x) _ 94,(x) _,

at x = A
ox ox
for—du <z<0 and —d <z<-D (3-47)
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Figure 3.2: Definition sketch of double vertical slotted wall breakwater.
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3.4.3 Permeable boundary condition

The permeable boundary condition along the permeable pile may be developed on
the basis of the formulation of Sollitt and Cross (1972) and as adopted by Yu (1995)

for a thin vertical barrier. This may give

0¢,(x) _ 24,(x)

=iG (¢, (x) — ¢.(x))

0x 0x
at x = —A for— D < z< —du (3-48)
2012 _ 00 G- (g,(x) - ,(x)
0x 0x
at x = A for— D < z< —du (3-49)

where the subscripts indicate the regions of the fluid domain and the horizontal mass
fluxes in the two regions must be the same at the breakwater and that the horizontal
velocity at the opening is proportional to the difference of velocity potentials, or the
pressure difference, across the breakwater. The proportional constant G" = G/b, G is

called the permeability parameter and it was defined previously in Eq. (2-3).

3.4.4 Eigen function expansion

To obtain the solution for ¢1 , ¢2 and ¢3 which are satisfying the seabed free surface

and radiation conditions. The velocity potential is expressed in a series of infinite

number of solutions as follow:
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$.(x) =4 +3 4, cos[ u,(d+2)]exp( p,(x+2)

at x < — A4 (3-50)
$.(x) =% A, cosl p,(d+2)]exp( —p,(x+21)+
> 4., cos[ u,(d+ ) exp( u,(x=A)

at — A <x< A (3-51)

and

$.(x) =3 A, cos[ p,(d+z)]exp( —p, (x— 1)

at — A <x<A (3-52)

where ¢I. and g were defined earlier in Eq. (3-11), (3-12) respectively. Applying

the matching conditions at the breakwater; the coefficients Alm ,Azm ,A

and A4m can be determined. First, Eqs (3-50), (3-51) and (3-52) are substituted into
Egs. (3-46), (3-47), (3-48) and (3-49) we obtain the following equation:
.2 A, cosl i, (d +2)] = p, cosl i, (d + 2)] exp( p,4)
at x < -4  for —du<z<0 (3-53)
w, 2 A, cosl ,(d +2)] = i, cos p,(d +2)]exp( p,2)
at x < -4 for -d<z<-D (3-54)

u,Y A, cos u, (d+z)]- ZA cos[ u (d + z)]exp( =24, A) =0

at x < —A1  for —du <z<0 (3-55)

u,Y A, cos u, (d+z)]- ZA cos[ u (d + z)]exp( =24, A) =0

at x < — A4 for -d<z<-D (3-56)
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1, A, cos| p,(d +2)]exp( ~2u,A)— 1, Y A, cos[ u, (d +2)] =

at x < A for —du £z<0 (3-57)
1,3 A, cos[ u, (d+z)]exp(—2u,A)— .3 A, cos| u (d +2)] =
at x < A for —d<z<-D (3-58)

,umi A, cos[u (d+2z)]=0 at x < A for—du <z<0 (3-59)

S A, cos[ y (d+z)]=0 atx <A for—d <z<—-D (3-60)

Also:

(u, —iG - )ZA cos[ u (d+z)]+iG" ZA cos| i (d+z)]+

iG Z A, cos[ pu (d+z)]exp( —2Au )=
(G~ + p,)exp( p,2)cos| p,(d + 2)]

at x <-4 for - D < z< —du (3-61)

(iG ’)i A cos[ u, (d+z)+(u, —iG" )Z A, cos[ u, (d+z)] -
(G + u)Y A, cos| p,(d+2)]exp( ~22u,) =
=~ (iG yexp( u,A)cos| u,(d + z)]

at x < -4 for — D < z< —du (3-62)

(i, +iG )Y A, cos[ pu (d+ z)]exp( —2Au ) -
(u, —iG )Y A, cos[ p, (d +z)] -

—iG Y A, cos[ p (d+z)]=0

at x <A for —D < z< —du (3-63)



60 Wave interaction with vertical slotted walls as a permeable breakwater

(iG )Y A, cos[ pu,(d+z)]exp( —224u )+
iG™Y A, cos| 1, (d +2)]+(p, —iG )Y, 4,, cos| u, (d +2)] =0

atx <A for —D < z< —du (3-64)

Now Eqgs. (3-53):(3-64) are integrated with respect to z over the appropriate domain
of z (i.e. for piles without skirt z = -d to 0.0, for piles with upper skirt z = -du to 0.0
and z = -d to -du). For the present study z = -du to 0.0, z = -D to -du and z = -d to -D

and multiplying each resulting equation bycos[ x# (d + z)], and each pair of

resulting equations is then added to obtain two sets of equation for A,.m . This gives

rise to a matrix equation for Alm , A A3m and A4m :

2m

Zo C ](lm" ) Zo C ](2'"" ) ZO C 1(3'"" ) Zo C 1(4""1 ) A . B b

; m; m; m; 'm I'n

2C ey 2O 2O 4, b,

zo C 3(1"1” ) zo C 3(2mn ) ZO C 3<3mn ) Zo C 3(4mn ) A3 m b3 n

i " " " A b

Z::OCL ) Z:“Ociz ) Z::OC:3 ) Z::OCL; ) 4m _| L 4
for n=1,2,3, ... (3-65)
where:
Cll = ﬂm [é‘r;n (_du 70) + 51;n (_d7_D)] + (ﬂm - ZG ) )5r;n (_D’_du) (3_66)
C, =(1G")d,,(=D,~du) (3-67)
C; =G )exp(—24u,,)o, (=D,—du) (3-68)

Ciy =0

(3-69)
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C,, =(iG™)S, (-D,~du) (3-70)
Cy =[5, (—du,0)+ 65, (—d,~D)]+ (i, —iG )5, (-D,—du)  (3-71)
Cyy = 1, exp( ~22u,)|6,, (- du 0)+ 5, (-d.-D)]+

(G + p,)exp( -24u )0, (=D,—du) (3-72)
C,, =0 (3-73)
C, =0 (3-74)
Cyy =, exp( =224, )18, (~du.0) + [, (~d .=D)] +
(iG + p, Yexp( =2, )6 . (=D, —du) (3-75)
Cyy =-,[0,,(=du,0)+46,,(-d,~D)]+(iG™ - u,)d,,(-D,~du)  (3-76)
C,, = (—iG)S, (—D,~du) (3-77)
C, =0 (3-78)
C,, = (iG™)exp(-2Au, )5 (=D, —du) (3-79)
C, =(iG)S, (~D,~du) (3-80)
Coo=u, [0, (—du,0)+ 65, (—d,~Dw)]+ (1, —iG )5, (~D,—du) (3-81)
b, = p, exp(Au,)d,,[(=du,0) + 6, (—D,—du)] +
(G~ + u,)exp(Au,)od,,(—d,—D) (3-82)
b,, =(=iG")exp(iy,)d,,(—d,~D) (3-83)
b, =b,, =0 (3-84)
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5-(p.q)=[cos[ u, (d + z)]cos[ p, (d + z)]dz (3-85)
1 sinl( , +p,)(d+2)]  sinl(p,—p)d+2)]| o
_ |2 M+, M, H, ,
41{2ym(d+z)+sin[2ym(d+z)]}q for m=n
H, !
(3-86)

The numerical solution to equation (3-65) is truncated to a finite number of terms
(N), and thus becomes a complex matrix equation of rank 4N, which can be solved

for the first N unknown values of each set coefficient4,, , A4

2m »° A3m and

A, after calculation for them. The real reflection and transmission coefficients,

denoted (CR, CT) respectively, are given in terms of 4,, and 4,, by
CR= |4, (3-87)
CT=|d,] (3-88)

The energy losses coefficient (CE), is given by

CE=1-(CR*>+CT?) (3-89)



CHAPTER 4
EXPERIMENTAL INVESTIGATION AND
VELOCITY MEASUERMENTS (PIV)

4.1 INTRODUCTION

A comprehensive experimental program on the performance characteristics of single
and double vertical slotted walls was taken up to validate the results evaluated
through the numerical model developed during the course of this study. The study
involved the fabrication of the model, erecting it the wave flume, subjecting it to
waves of predefined characteristics. The composite wave elevation measured on the
sea side of the model with three wave gauges formed the basis for decomposing it to
as reflected and incident waves. A wave gauge housed on the lee side of the model
measured the transmitted wave elevation. In addition, the wave velocity, velocity
distribution before and after the barrier, velocity vector, locations of vortices were

measured and depicted by photos.

4.2 TEST FACILITY
4.2.1 Wave flume

Experiments were carried out in the wave flume of the hydraulics laboratory of the
Department of Civil Engineering at University of Wuppertal, Germany (IGAW). The
flume is 24 m long, 0.30 m wide and 0.5 m deep as shown in Photo 4.1. Waves were
generated by a single paddle wave actuator located at the up wave end that can be
piston or flap type and connected with a computer to generate regular waves of
different heights and frequencies. An artificial parabolic beach is located at the
downstream end of the flume in order to minimize wave reflection as shown in Photo
4.2. Tests were carried out with a constant water depth of 0.3 m and with generator
motions corresponding to regular wave trains with different wave periods (T = 0.5 to
2's). The tests were conducted with a wave height of lcm to 4 cm. The vertical

barriers to be tested were placed in the test section 12.20 m from the wave generator.
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Photo 4.1: General view of the wave flume.

Photo 4.2: View of the flume end.
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4.2.2 Wave generation system

Within the mechanical, geometric and hydrodynamic limitations of the system, the
wave generating system is capable of generating different kinds of two dimensional
regular wave sequences. The wave maker can operate in two different modes: (a) in
piston mode for generation of shallow water waves, or (b) in flap mode for
generation of deep water waves. As well as the wave generating system is cable of

generating random and breaking waves. The wave generator is shown in Photo 4.3

Photo 4.3: View of the wave generating system.

4.2.3 Servo actuator and wave controller

The actuator consists of paddle, two rigid arms with articulation, two spiral shafts
and two motors. The motors are connected with two driver high voltage. The drivers
receive the signal from two PC-RS232 with USB adapter. The existing software code
was written by Oertel (2008/2009) under MATLAB GUI program that deliver the
finite wave with certain frequency, number of waves and the wave height as shown

in Figure 4.1.
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Figure 4.1: MATLAB GUI a wave flume (IGAW software).

43 PHYSICAL MODEL

The proposed breakwater models were constructed of vertical panels of width of 2.5
cm, and thickness of 2.5 cm where the porosity of the barriers is 50 % in the middle
section. The upper and lower parts are impermeable parts with different depth as a
ratio from the water depth. The models were fabricated from aluminum components

as shown in Photo 4.4. The experimental works are divided into two stages.

1. The first stage was carried out for a single vertical wall model as shown in
Photo 4.5. The model was located at 12.2 m from the paddle. The model was
tested under regular waves. This work was carried out for four different
categories:

e Various dm as a proportion of the total depth dm = 0.84, 0.6d, 0.4d and 0.2d.
e Constant du at du = 0.4d and various dw = 0.1d, 0.2d, 0.3d, 0.4d and 0.5d.
e Constant dw at dw = 0.4d and various du = 0.1d, 0.2d, 0.3d, 0.4d and 0.5d.

e Constant dm at dm = 0.2d at various location of cdm.
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Photo 4.4: View of the physical model.

2. The second stage was carried out for double identical vertical slotted walls as
shown in Photo 4.6. The model was tested under regular waves. The first wall
was located at a fixed distance of 12.2 m from the paddle. The second wall was
located at various distances from the first one, where the chamber width 2A are

various as shown in table 4.1.

The experimental program for single and double walls model is reported as shown in

table 4.2.
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Photo 4.6: View of double vertical slotted wall model.
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Table 4.1: The chamber width 24 of the double vertical slotted wall model.

depth (d) wave length (L)
0.5d 025L
29 1.0d 0.50 L
1.5d 0.75 L
2.0d 1.00 L
Table 4.2: Experimental Program.
Model | Investigation dm du dw cdm kd A
Single | Inf. of Otod 0.5d various
Wall Permeable according to dm
depth
Inf. of dm/d fixed
Inf. of lower | various | 0.4 d 0.1d | various | various
part :0.5d
Inf. of upper 0.1d: |04d |various | various
part 0.5d
Inf. of 0.2d various 0.14: various
Location dm 0.7d
Double | Inf. of 0 tod 0.5d various | 0.125L
Wall permeable according to dm 0.250 L
depth 0.375L
Inf. of dm/d fixed 0.500 L
0.25d
0.50d
0.75d
1.00 d

4.4 INSTRUMENTATION
441 General

For the present physical model study, the wave velocities were measured by PIV via
high speed camera which will be discussed in detail later. The wave profiles were
measured by Ultrasonic sensors USS635 (range of 635 mm). A view of the

instrumentation set-up is shown in Photo 4.7.
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Photo 4.7: View of measuring devices for wave profile and wave velocity.

4.4.2 Ultrasonic sensors

The water surfaces were measured by four Ultrasonic sensors type USS 635. The
blind area and the maximum working range is 60 mm and 350 mm respectively
which are corresponding to voltage 0 to 10 V. The output frequency is 75 Hz. The
reproduce ability is 10.15 %. The wave sensors were connected with Ultralab ULS
80D that 8 channels and its out-put are analogue 0 to 10 V and RS232. The sensors
and Ultralab are shown in Photo 4.8. The digital signals of the wave history were

read by PC card and were plotted for four locations as shown in Figure 4.2.
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Figure 4.2: Measured wave heights.

First, three probes were kept at a distance of 2.2 m in front of the model. The spacing

between the first three probes was adjusted for each of the wave period so as to

calculate the reflection coefficient by the three-probe method of Mansard and Funke

(1980) as shown in Photo 4.9. The wave transmission was measured by a sensor kept
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at the rear side of the model at a distance of about the longest wave length considered

for testing purpose as shown in Photo 4.10.

Photo 4.10: View of sensor in the rear side.
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4.4.3 Calibration of Ultrasonic sensors

To be more precise, the calibration of a sensor is required to convert the voltage
output to physical quantities under investigation. The calibration was done for each
set of experiments to minimize the calibration errors in the experiments. The
calibration procedure was carried out by finding the output of the sensor, in terms of
voltage associated to the minimum and maximum voltage, for a known value of
input physical parameter (distance). The results of calibration were taken into
account and the outputs were corrected in the settings of sensor for Ultrasonic

Sensors Acquisition (Software of IGAW 2010 version 3.1).

4.4.4 Position of wave sensors in front of the breakwater model

Three wave sensors were located in front of the structure at a distance of 2.2 m from
the breakwater model to measure the incident and reflected wave heights. The
optimal distance between the wave sensors is a function of the wave length and has
been adopted as recommended by Mansard and Funke (1980). The minimum
distances between wave sensors are tabled in table 4.3 for different wave periods. For
the fixed three waves sensor method, the distance between the wave sensors can be
obtained as follows: The distance between the first two wave probes (x;2) in the line

of wave propagation is one tenth of wave length.

(x12) =L/ 10 4.1)

The distance between the first and third wave probes (x;3) in the line of wave

propagation should satisfy the following conditions

L/6<x3<L/3 (42)

X13 #L/S (43)

x3#3L/10 (4.4)
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The positions of the wave gauges were changed accordingly to the recommendation
of Mansard and Funke (1980). One wave probe was placed on the lee side of the
breakwater to measure the transmitted wave height. It is assumed that the beach on
the lee side of the breakwater is a perfect absorber and the wave heights which were
recorded by the wave probes at the lee side are due to the transmitted waves only.
Moreover, all experimental readings were taken before any reflection from the
absorber of the flume end or the wave paddle by examining the plotted wave’s

records and using the approximate arrival time of the first reflected wave.

Table 4.3: Distance between wave sensors.

Frequency Wave length x.. =L/10 x. =11/4

F (sec™) L (m) . (m) . (m)
2.00 0.395 0.0395 0.099
1.75 0.517 0.0517 0.129
1.50 0.701 0.0701 0.175
1.25 0.973 0.0973 0.973
1.00 1.383 0.1383 0.346
0.75 2.037 0.2040 0.509
0.50 3.268 0.3300 0.817
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4.5 PARTICLE IMAGE VELOCIMETRY (PIV)
45.1 General

In this section, sufficient knowledge about PIV and its applications in velocity
measurements has been presented. In addition to that new application of PIV in wave
structure interaction has been investigated. In the recent years, Particle Image
Velocimetry (PIV) is one of the optical methods, which were increasingly applied to
velocity measurements of fluid. The working principle is quite simple; the fluid is
seeded with light reflecting particle, a light sheet illuminates the particle in the
measurement plane and a high speed camera is used to take two exposures of the
illuminated plane. The two exposures should be taken within a short interval, so that
the same particles are caught in both exposures. The two exposures can be taken
either as a double exposure of one image or as two different images. The method

with two images is more commonly used and based on a cross-correlation.

The aim of the cross-correlation is to find the distance that particle pattern has moved
during the inter image time and translate this into a velocity measure. The relation

between velocities v and particle displacements Ax is

AXx
y =
MAt

where M is the magnification and At is the inter image time.

The cross-correlation function is not calculated on the whole image but on smaller
parts of these called interrogation areas, see Figure 4.3. The cross-correlation
functions can be calculated in a number of different ways. The finite Fourier
transforms is the direct method to compute the cross-correlation but it is quickly
becomes very heavy to apply when larger data-sets are to be analyzed. A more
efficient way to estimate cross-correlation functions is to use fast Fourier transforms
(FFTs). Additional advanced correlation algorithms are selectable for improved
performance such as local adaptive window shift and deformation and correlation

averaging.
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peak search

cross-correlation

Figure 4.3: Illustration of PIV method. [source: LaVision]

Since 1980, the Particle Image Velocimetry (PIV) technique was developed as non-
intrusive method in the field of hydrodynamics to measure the velocity field,
acceleration and vortices as well as to report the water surface displacement and also
PIV was used to investigate the wave interaction with structures. Up to date PIV has
become a standard method, where it is based on a digital near-field photogrammetry
and has its main field of application in wave theories, burning analysis,
aerodynamics, and geo-technics. The PIV is capable of providing the velocity vector
over a selected two-dimensional region of the flow, with sufficient accuracy and
spatial resolution. The velocities are often reported to be measured within 1 to 2 %
error. In addition the PIV is the most settable method to analyze and plot vortices.
The velocity measurement must be made simultaneously over several closely spaced
locations from which spatial derivatives can be evaluated using finite difference
schemes. The efficiency of this technique was proved in measuring the velocity field

in both 2D and 3D.

The convention for two-dimensional PIV is to illuminate a single plane of the flow
with a light sheet whose thickness is less than the depth of field of the image
recording system. In this situation, the depth of the measurement plane is determined
by the thickness of the light sheet. Volume illumination is an alternative approach,

whereby the test section is illuminated by a volume of light. This mode of
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illumination was used to measure three dimensional velocity vectors using a single
camera (Willert and Gharib 1992), multiple cameras (Okamoto et al. 1995) and a
holographic camera (Gray and Greated 1993; Hinsch 1995).

Some applications are the investigation of the interaction of wave induced flow fields
with wave damping structures and semi-submerged breakwaters (Belorgey et al.
1986). Greated et al. (1992) and She et al. (1997) showed that PIV is applicable to a
flow field within a breaking wave in three-dimensional. Gray and Greated (1988)
applied the Particle Image Velocimetry (PIV) to measure the velocity distributions in

two dimensions under water waves.

Lengricht and Graw (1995) investigated the flow field beneath gravity waves by two
particle tracking methods. The first particle tracking methods was frame-by-frame
and the second enhanced system allowed storing a time series up to 63 video images
in the hardware of a PC frame grabber board. Both of them were adequate tools to
visualize the flow to get information about particle motion beneath gravity waves.
They were used to detect regions of particular eddy activities, e.g. caused by
interaction of the incoming waves with coastal structures. Meinhart et al. (2000)
investigated particle image velocimetry experiments where optical access is limited
or in micro scale geometries. The depth of the measurement plane must be defined
by the focusing characteristics of the recording optics. A theoretical expression for
the depth of the two-dimensional measurement plane was derived and it was shown
to agree well with experimental observations. The results showed that the particle
concentration must be chosen judiciously in order to balance the desired spatial

resolution and signal-to-noise ratio of the particle-image field.

Lengricht et al. (2000) presented PIV for wave-structure interactions of
monochromatic waves and a semi-submerged vertical wall, wave-structure
interactions of regular waves propagating oblique towards a submerged horizontal
plate and a breaking wave occurring due to the superposition of numerous wave
components of a real sea state. After the adaptation of the stereoscopic PIV-system to
the specific conditions in a wave flume, the flow conditions beneath gravity waves

were mapped very sufficiently. The wave structure interactions were recorded very
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easily and rapidly by physical modeling. Time history velocity field was recorded
and presented as three-dimensional velocity maps. The PIV system investigated
wave-induced motion in the vicinity of coastal structures in order to get information
about turbulence parameters and wave energy dissipation as well as their
distributions both locally and in time. Furthermore, complex wave motion
investigated by observing and capturing the particular flow phenomena in a wave
flume, e.g. real sea states consisting of numerous components superposing or

decaying.

Chang et al (2001, 2005) investigated both experimentally and numerically a solitary
and cnoidal waves interaction with a submerged rectangular obstacle. Cowen et al
(2003) used PIV to make vertically resolved two-dimensional measurements in
swash zone flows, which are notoriously recalcitrant to quantitative measurement by
PIV. The spatially and temporally resolved velocity fields measured in a plunging
and spilling wave-driven swash zone are used to investigate the boundary layer
structure of the mean and turbulent quantities as well as the phase evolution of the

bed shear stress, near-bed turbulent kinetic energy, and the dissipation.

452 PIV setup

Measurements of the velocity field, vortices and the surface elevation were
performed at a distance of 12.2 m from the wave maker using the high-speed camera
of IGAW (Motion Scope M3), where the model of a single slotted wall and

measurement devices were constructed as shown in Photo 4.11.

The camera was placed at 1.5 m (focus) from the center of the flume, it should be
noted, that the minimum focusing distance should be 1.00 m for this camera. The
light settings and particles are shown in Photo 4.12. There should be a black plate at
the back of the flume to avoid the visibility of the wall through the glass. The detail
of the single slotted wall model was previously mentioned in detail in Section 4.3.

The water depth was fixed during the experiments at 30 cm. It is essential that, the
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measurements must be terminated before any (small) reflected wave has returned to

the measurement position from both the flume end and the wave maker.

Photo 4.12: View of particles at the measuring area.
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4.5.3 PIV accuracy

The accuracy of PIV on the velocity wave measurement due to the time increment
o't was optimized. It is found that the time increment should be taken in a range of
0.01T < 0¢<0.015 T, such that the error of measurements will be less than T 5%

for all used waves where T is the wave period.

Figure 4.4 shows the relation between the relative timeo¢/7T and the relative
horizontal particle velocity U _, /U_, where U _, is the measured horizontal

particle velocity by PIV, U_,, is the calculated horizontal particle velocity by linear

airy wave theory and T is the wave period. It is clear from the Figure that, the
accuracy of the measured wave-particle velocity is affected by the relative time

increment O ¢/ T . It is noted that, the error is major for small analysis time where the
error is more than 30 % at 0 ¢/ T < 0.005 for short waves and the error is more than
20 % for intermediate waves at 0t/ 7T < 0.0025. The error of intermediate waves is

improved quickly while the error of short waves is improved gradually.

The time increment should be taken in a range of 0.01 7'< 6¢< 0.015 T, such that

the error of measurements will be less than T 5 % within this study. The achievable
accuracy of PIV measurement within this set-up is shown to be limited by the

influence of the relative time 6¢/7T .

The sampling interval, time between two selected frames, Field Of View (FOV),
resolution of the camera and the characteristics of waves are tabled in details in

table 4.4.
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Figure 4.4: The relation between the specific velocity and the relative time.

Table 4.4: Details of the waves, camera and field of view.

Frequency | Wave [Frequency| Time between | Resolution FOV
of waves | height [of Camera| two selected (Square (cm?)
F (Hz) h; (m) (fps) frames (sec) pixels)

2.00 0.01 1000 0.008 624*512 | 22.5*18.5
1.75 0.01 1000 0.008 624*512 | 22.5*%18.5
1.50 0.02 800 0.009 800*576 | 28.5*%20.5
1.25 0.02 800 0.011 800*576 | 28.5*20.5
1.00 0.03 600 0.010 1024*768 | 36.5%26.5
0.75 0.04 500 0.014 1200*704 | 42.5*%24.5
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46  TEST SETUP

The complete experimental setup showing details of the flume, position of the model
and locations of wave probes are shown in Figure 4.5. The test section in a water
depth, d of 30 cm was located at a distance of 12.2 m from the wave maker. The tests
were conducted for regular wave and a height of waves in range of 1 to 4 cm. The
heights of waves were measured with four wave sensors. The first three sensors were
kept in front of the model at a distance of 2.2 m from the model. The transmitted
wave was measured by a sensor, which was kept at the rear side of the model at
distance of 2.2 m from the model. For the double walls model, the first wall and the
three sensors in front of the model was fixed, the second wall was located at various
distances from the first wall and the fourth sensor was kept at a fixed distance of 2.2

m from the second wall.

Wave Probes
12.20

| 10.00 = | T
[ 220

—— Parabolic Beach

Piston

Model of Breakwater

! 8.80

21.00

Figure 4.5: Sketch of experimental setup.

4.7  WAVE CHARACTERISTICS

4.7.1 Regular wave tests

The regular waves are waves with a single frequency and are described by a distinct
wave height and an associated time period. The breakwater models were described
earlier and subjected to the action of regular waves, for a period ranging from 7= 0.5
to 2 s. For a particular wave period, monochromatic waves with four different wave
heights of 0.01, 0.02, 0.03 and 0.04 m. The kd values were between 0.5 and 4.772.
Sample data of regular waves acquired by the wave sensors for a typical test with dm

= (.2 d are shown in table 4.5.
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Table 4.5: Sample of measured and calculated data for the single vertical slotted wall

model with dm = 0.2d:

F aj; a asz a; Calculated date
Run s mm mm mm mm CR CT kd
1 6.880| 9.204| 5.767| 0.085
2 6.835| 9.277| 5.936| 0.092

3 2.000 6.835] 9.277| 5.936] 0.092]0.971]0.022 | 4.772

4 4.836| 15.907| 16.223| 0.422
5 5.008| 16.002] 16.282| 0.435
6 1.500 5.018] 16.119]| 16.462| 0.438]0.937]0.116 | 2.689
7 5.716] 9.161| 19.275| 2.750
8 5.732] 9.204| 19.346| 2.725
9 1.125 5901 9.239| 19.298| 2.698]0.87410.248 | 1.937
10 21.289| 25.634| 14.816| 6.471
11 21.365| 25.685| 14.831| 6.440

12 1.000 | 21.310| 25.730| 14.903| 6.382] 0.670 | 0.420 | 1.363

13 26.078| 30.860| 17.331| 9.201

14 26.169| 31.105] 17.357| 9.274

15 ] 0.750 | 26.169| 31.105| 17.357| 9.274]0.621 | 0.450 | 0.925
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48 TEST PROCEDURE

Each of the models was subjected to the action of regular waves as discussed above.
Once the wave maker was started, the time histories of the wave elevations from the
wave sensors were recorded simultaneously and, the acquired data were viewed on
the computer screen as a preliminary check of the quality of the measured data. The
sampling frequency adopted for data acquisition is 300 Hz and the total duration of
the record was 60 s. Sufficient time gaps were allowed between successive runs to
restore calm water condition in the wave flume. The data were stored in the hard disk
of the PC and were used to calculate some parameter to analysis. The arrival time of
the wave at the model depends on the wave frequency, and hence the time series of
waves were analyzed separately. The time series corresponding to the clear repetition
of the regular occurrences of the events before any reflected wave influences the
wave field was selected for analysis and the rest of the time record was discarded.
Totally, 90 runs were conducted for the single vertical slotted wall model and 176

runs were conducted for the double vertical slotted wall model.

49  ANALYSIS OF DATA

A detailed analysis of the data collected by wave’s probes in the experimental study
is essential to obtain all desired information for further investigations. The method of
analysis of the data in the present study were carried out by IGAW software, that
calculate the reflection coefficient depending on Mansard and Funke (1980) for the
three wave probe method, which based on the least squares analysis. The input data
are the wave history as a time domain file. A window of 10 sec from the record data
after the reflection was selected. The selected data was converted to frequency
domain by Fast Fourier Transformation. Finally, the spectrum of the incident,
transmitted and reflected wave height were calculated. Accordingly, the reflection

and transmission coefficients were found directly.

A detailed analysis of the data collected by PIV in the experimental study is essential

to obtain all desired information for further investigations. The analysis of the data
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carried out by MatPIV (Sveen 2004) which is adopted in this study. This software
can calculate velocity and vorticity magnitude, plot the velocity vector and

decompose the particle velocity into horizontal and vertical components.

49.1 Software

There are several PIV programs available. Some of them are freeware, like e. g.
MATPIV (Sveen 2004) which was adopted in this study. MATPIV can be used as a
toolbox within MATLAB and was developed in several m-files performing the

necessary PIV calculations.

The process is started by specifying the coordinate system to calculate the
transformation from the local camera coordinates to the physical world coordinates
in the experimental work. Thereafter, a mask to the images is applied to where there
are no particles to save calculation time. The images are interrogated to estimate the
velocity field by calculating the displacement, where the time is known. After the
velocity field is found, the velocity fields are filtered using three different filters. The
first is a Signal-to-Noise ratio filter, where the Signal-to- Noise ratio is taken as the
ratio of the highest peak in the correlation plane to the second highest peak. Filtering
is followed with a global filter, that excludes vectors based on the mean of the
ensemble plus a factor times the standard deviation and remove vectors that are
significantly larger or smaller than a majority of the vectors. Finally, local median
and mean filters based on the squared difference between individual velocity vector
and the median or the mean of their surrounding neighbors are applied, followed by

interpolation of outliers.
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410 VELOCITY MEASUREMENT

4.10.1 Measurements of incident velocity

PIV is able to measure the velocities with high accuracy. MatPIV (Sveen, 2004) was
employed to decompose the particle velocity into horizontal and vertical

components.

Figure 4.6 (a to f) shows the velocities magnitude for the incident waves, which were
investigated during the experimental work. The characteristics of the waves and the
field had been mentioned earlier in table 4.4. The measurements illustrate the extent
of compatibility between PIV and the linear airy theory, where the high particle
velocities are located at the surface of the water and the particle velocity of
intermediate wave diminish in amplitude with depth, while the particle velocity of

the short-wave vanishes after the mid-depth as shown in sub-Figures 4.6 a and 4.6 b.

The Figure 4.7 (a to f) is plotted for the maximum horizontal particle velocity along
the x-direction. The maximum of the horizontal velocity corresponding to the
coordinate at the wave crest can be determined through the fitting curve. It is noted
that the maximum horizontal water particle velocity must be associated with the crest
of the wave and must be located near the water surface far away from the bottom of
the flume to avoid the effect of the bottom. Therefore, the high horizontal velocities,

which were recorded near from the bottom, must be neglected.

Note that u is similar in phase with the wave profile, which shows the compatibility
between the measured particle velocity via PIV and the calculated velocity by linear
airy wave theory. Finally, PIV is easy to use in measuring the velocity of waves with

high accuracy.

4.10.2 Comparison PIV with the theoretical velocity of incident waves

The comparison between the water-particle velocity measurements via PIV and the

linear theory of incident waves can be carried out through comparison of the velocity
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or one of its components (u or v). The comparison by one of the velocity components
is the better way to reduce the error percentage. The maximum horizontal velocity at
the crest of the waves is adopted as a comparison point for example. The comparison

of velocities is reported in table 4.6, which clarifies, that the error percentage is
higher for high frequencies where the error is more than ¥ 3 % and lesser for lower

frequencies where the error is less than T 0.2 %. This may be due to that the
velocities of higher frequencies are small, where the error increases with decreasing
the velocity and also may be related to the energy position resulting from the
dumping of particle which leads to lack of complete stability of the water, the size of
used particle and the accuracy of used devices. Anyway, the results of PIV are
perfectly acceptable for high velocities and satisfying to some extent in the low

velocities.

4.10.3 Particle velocity measurement (P1V) behind and in front of the barrier

In overview, to indicate the way of energy dissipation by the structure, PIV was used
to measure the velocities behind and in front of the barrier. The velocity magnitude,
the velocity vectors and the vortices of the wave are reported in Figure 4.8, Figure
4.9 and Figure 4.10 respectively, where the wave frequency is 0.75 Hz, dm = 0.2d,
€=150% , h; =4 cm and the phase = (m / 2) for Figures a and the phase = (3 n / 2) for
Figures b. The phase observed in the front of the barrier. The sampling interval is
0.002 s and for analysis of velocity is 0 ¢ = 0.014 7. The resolution of the camera is

1264 x 864 (square pixels). The model was situated at 12.2 m from the wave maker.

It is clear that, the higher velocities are observed near the slots far away from the
water surface and the bottom. This is because part of the wave energy is obstructed
by the impermeable parts and the horizontal velocities are equal to zero. The other
part is dissipated as vortices by the slots. The vortices are observed in the area which
1s associated to the higher velocities. The vortices areas concentrate in the middle
depth due to the permeable part. The remaining part of the wave energy passages
through the permeable part like a jet with high velocity as shown in Figure 4.8. The
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velocity vector is plotted in Figure 4.9. The large vectors denoted to higher velocity.
The passage of wave energy through the constriction is redistributed over the depth.
The energy of the transmitted wave is less than the energy of the incident wave
because the large part of the wave energy is reflected and dissipated by the

impermeable parts and the slots.

Table 4.6: Comparison between the theoretical and measured horizontal water-

particle velocities.

Water Wave Maximum u Maximum u
Frequency | depth height (m/sec) (m/sec) Error
F (Hz) d (m) hi (m) Linear theory measurements | percent
2.00 0.3 0.01 0.063 0.0610 +3.17 %
1.75 0.3 0.01 0.055 0.0564 -2.53 %
1.50 0.3 0.02 0.095 0.0973 -2.41 %
1.25 0.3 0.02 0.082 0.0826 -0.77 %
1.00 0.3 0.03 0.107 0.1075 -0.47 %
0.75 0.3 0.04 0.129 0.1288 +0.16 %
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Figure 4.6:

Velocity magnitude (cm/sec) of incident waves when the wave crest is
within the VOF.

a) for F=2.00 Hzand #;=1 cm,

b) for F=1.75Hz and ;=1 cm,

c) for F=1.50Hz and ;=2 cm,

d) for F=1.25Hz and h; =2 cm,

e) for F=1.00 Hz and 4; = 3 cm, and

f) for F= 0.75 Hz and 4, = 4 cm.
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Figure 4.8:  Velocity magnitude (cm/sec) in front of and behind the barrier
for F=0.75Hz and s; = 4 cm.
a) for the phase = (7 /2) and
b) for the phase = (3 7 /2).
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411 THE MESUREMENT OF REFLECTION AND TRANSMISSION

COEFFICIENTS USING PIV

4.11.1 General

In this section the velocity of co-existing and transmitted wave are measured and

analyzed via PIV and also the reflection and transmission coefficients of the single

vertical slotted wall are detected via PIV. In addition, the hydrodynamic performance

(CR, CT and CE) of a vertical slotted wall are detected by PIV.

4.11.2 Measurement methods of reflection coefficient

2.

. A two-point method which consists of measuring simultaneously the co-existing

wave (two progressive wave trains moving in opposite direction) at two known
positions on a line parallel to the direction of wave propagation. Fourier analysis
of these two signals will then produce the amplitudes and phases of the wave
components at these two positions, by means of which the standing wave can be
resolved into incident and reflected waves. This method has, however, certain
limitation.
¢ Limited frequency range,
e critical probe spacing,
e high sensitivity to errors in the measurement of waves.
This method was described in details by Thornton and Calhoun (1972) and was
developed by Goda and Suzuki (1976) through applying linear wave theory to
monochromatic waves.
A three- point method which depends on a least square analysis for
decomposing the measured spectra into incident and reflected spectra with
greater accuracy and range. It is assumed that the waves are travelling in a
channel in a longitudinal direction and reflecting from some arbitrary structure
or beach and travelling in the opposite direction. It runs through simultaneously
measurement of the linear superposition of waves at three points, which are in

reasonable proximity to each other and are on a line parallel to the direction of
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wave propagation. A least squares method separates the incident and reflected
spectra from the measured co-existing spectra. This method advanced for
periodic and irregular waves by Mansard and Funke (1980).

3. PIV method, which was employed to find the reflection coefficient of co-
existing wave by measuring the velocity at the set point and compares it with
the velocity of incident wave at the same point. The characteristics of incident

wave must be known in advance. The method is summarized as follows.

4.11.3 PIV method

Let us assume that a wave is travelling in a flume in longitudinal direction and
reflecting from some arbitrary structure or beach. The standing wave can be
considered as the superposition of two progressive waves of the same amplitude and
period, but travelling at the same speed in opposite direction so that the net travel is
zero leaving only the vertical oscillation. The co-existing wave can be considered as
a partially standing wave and consists of a superposition of incident wave
(progressive wave) and reflected wave (non-progressive wave) as shown in
Figure 4.11. The progressive wave travels along the x axis at a given velocity (v;) and
wave height hi which are known in advance. The co-existing wave travels along the
x axis at a given velocity (v,) and wave height hco, which are measured. On the
other hand, assume the reflected wave travels in opposite directions with the incident
wave at unknown velocity (v,) and wave height 4,. The characteristics of reflected
wave can be calculated by a given date both incident and co-existing waves. The co-
existing wave is considered as a standing wave when the reflection coefficient is

100 %, and is considered as a linear wave when the reflection coefficient is 0 %.

The crest of a wave that associated to the maximum horizontal velocity of an
incident wave according to the linear wave theory is taken as a comparison point.
The horizontal velocity of a standing wave at this location is denoted by us and is
equal zero. The horizontal velocity of the incident wave is maximum and denoted by
ui-max. As well as, the horizontal velocity of the reflected wave is maximum and

denoted by u; .. The net travel will be in the direction of the incident wave.
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The horizontal velocity of the co-existing wave at this point is uco-max (the

maximum relative horizontal velocity) and decomposes into #; gy and 4, pqy. Then
r—max = ui—max - uco—max (4_1)

Where u is a function of 4 (wave height) and #.,-max 1S measured and Uj.max 18 known

in advance, then the reflection coefficient can be calculated as follows.

r—max r

CR=—m=— :
h (4-2)

i—max i

Notes: the small relative horizontal velocity for the field before a breakwater means
the higher reflection and vice versa (i.e. the horizontal velocity of standing wave at
the crest u; = 0.00 means the reflection coefficient = 100 %). The reflection
coefficient can be calculated by the comparison of the horizontal velocity of the crest

or the trough (taking into account the direction of movement).

) Crest u;-u

Trough — Incident wave

- —~ ~-Reflected wave |

Co-existing wave
T T

Figure 4.11: Analysis of co-existing, incident and reflected wave.
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4.11.4 Measurement method of co-existing velocity

This method is adopted to find out the orbit velocity at a certain point such as the
crest of the wave. The crest of a wave is detected by observation at one position,
which must be located inside the FOV of the high speed camera. In this study, the
measuring area is fixed and the measurements are performed at 12.2 m from the
wave maker. The model is situated in a distance of one wave length behind of FOV
to make the comparison point (the crest of wave) within the FOV of the high speed
camera. It is noted that, the crest of waves occurs at 0.5 L, L , 1.5 L ,....n L from the
model. The camera records at least a complete cycle of the wave. At the comparison
point, the particle velocities were recorded. The recorded velocities were
decomposed into the horizontal and the vertical components u and v in x and z
direction respectively by applying MatPIV. This velocity is supposed as relative

velocity, which consists of the superposition of the incident and reflected wave.

Figure 4.12 shows the velocities of co-existing waves along the x direction in front of
the barriers. The characteristics of the wave and the field of this Figure are the same
characteristics of the wave and the field which mentioned earlier in table 4.4. The
measuring areas are located at approximate one wave length before the model. The x
coordinate of the wave crest can be marked from the Figure. It is clear that, the
horizontal particle velocity is minor at the crest of wave but not reaches zero, this

means the wave is partially a standing wave.

Figure 4.13 shows the maximum horizontal water particle velocities for co-existing
waves along the x direction. The maximum of the horizontal velocity corresponding
to the coordinate of the crest wave can be determined through the fitting curve. It is
noticed that, the maximum horizontal velocity at the crest of wave is associated with

a trough point between two consecutive peaks points.
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4.11.5 Measurement method of transmission coefficient

In the same way the transmission coefficient can be determined by measuring the
maximum horizontal velocity of the transmitted wave u, and comparing it with u;,

which is known in advance, then

u h
CT = f—max _ "t
3 4-3)

i—max i

4.11.6 Measurement of transmitted wave velocity

The velocity of a transmitted wave can be measured by a simple method like the way
which is used to measure the velocities of incident waves because the transmitted
waves are considered as propagating waves. In this study the measuring area is fixed
and the measurements are performed at 12.2 m from the wave maker. The model is
situated in a distance of one wave length in front of FOV. The velocity was
calculated and decomposed into the horizontal and the vertical water particle

velocities (# and v) in the x and z direction by MatPIV.

Figure 4.14 shows the velocity magnitude of the transmitted waves in the field which
include the crest of the wave. The Figure 4.14 (a to f) is plotted for the same
characteristics of waves and field as mentioned earlier in table 4.4. It is clear that, the
characteristics of a transmitted wave are similar to the characteristics of an incident
wave (linear wave) but the velocity magnitude of the transmitted waves is less than
the velocity magnitude of the incident waves as a result of reflection and dissipation

of a large part from the waves.

Figure 4.15 shows the maximum of the horizontal particle velocities for transmitted
waves along x direction. The Figure 4.15 (a to f) is plotted for the same
characteristics of the wave and the field which mentioned earlier in Figure 4.14. By
the same way of analysis, the velocity of the transmitted wave can be determined at

the crest of the wave (phase = 7 /2). The maximum of the horizontal velocity
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corresponding to the coordinate of the crest wave can be determined by the fitting
curve. Note that the trend of u curve is similar to the trend of the wave profile, which
shows the compatibility between the measured particle velocity via PIV and the

calculated velocity by linear airy wave theory.

4.11.7 Horizontal velocity distribution

It is noted that the maximum horizontal particle velocity should be located near the
water surface far away from the bottom of the flume to avoid the effect of the
bottom. Therefore, the high horizontal velocities, which were recorded near the

bottom, must be neglected.

Figures 4.16 and 4.17 illustrate the horizontal velocity distribution at the crest of an
incident, co-existing and transmitted wave for both high frequency F = 2 Hz (short
wave and lower frequency F = 0.75 Hz (high intermediate waves) respectively.
Generally, the amplitude of horizontal velocity decreases with depth. Note that for
intermediate waves, the orbits diminish in amplitude with depth and also become
flatter but the orbit vanishes after 0.5 d for short waves in both incident and
transmitted waves. The orbits of incident and transmitted waves agree with the linear
airy theory but the co-existing wave are different somewhat. It is noted that, the
maximum horizontal velocity from these Figures is closed with that detected from
Figures 4.7, 4.13 and 4.15, which is used to calculate the reflection and transmission
coefficients. Therefore, the hydrodynamic performance of this structure can be
investigated through the horizontal velocity distribution of the incident and

transmitted wave where the velocity is a measure of wave energy.

4.11.8 Reflection and transmission coefficients

The reflection and transmission coefficients can be calculated in terms of velocities,
which were measured previously. The results are tabled in tables 4.7 and 4.8. The

reflection and transmission coefficients can be calculated directly but the energy
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dissipation coefficient can be calculated from the measured transmission and

reflection coefficients according to the Equation 3-23 in the previous section 3.2.4..

Table 4.7: Calculation of the reflection coefficient.

Water Wave Maximum Maximum
Frequency depth height Ui-max Uex max
F (Hz) d (m) h; (m) (m/sec) (m/sec) CR
2.00 0.3 0.01 0.0610 0.0035 0.94
1.75 0.3 0.01 0.0564 0.0018 0.96
1.50 0.3 0.02 0.0973 0.0084 0.91
1.25 0.3 0.02 0.0826 0.0110 0.87
1.00 0.3 0.03 0.1075 0.0320 0.70
0.75 0.3 0.04 0.1288 0.0540 0.58
Table 4.8: Calculation of the transmission coefficient.
Water Wave Maximum Maximum
Frequency depth height Uj-max Ut max
F (Hz) d (m) h; (m) (m/sec) (m/sec) CT
2.00 0.3 0.01 0.0610 0.002 0.03
1.75 0.3 0.01 0.0564 0.003 0.05
1.50 0.3 0.02 0.0973 0.012 0.12
1.25 0.3 0.02 0.0826 0.022 0.27
1.00 0.3 0.03 0.1075 0.043 0.40
0.75 0.3 0.04 0.1288 0.062 0.48
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Figure 4.12:  Velocity magnitude (cm/sec) of co-existing waves when the wave
crest is within the VOF.
a) for F=2.00 Hzand #;= 1 cm,
b) for F=1.75Hzand #;= 1 cm,
c) for F=1.50 Hz and /#; =2 cm,
d) for F=1.25Hz and ;=2 cm,
e) for F =1.00 Hz and /#; = 3 cm, and
f) for F = 0.75 Hz and ;= 4 cm.
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Figure 4.14:  Velocity magnitude (cm/sec) of transmitted waves when the wave
crest is within the VOF.
a) for F=2.00 Hz and /#; =1 cm,
b) for F=1.75Hzand #;= 1 cm,
¢) for F=1.50 Hz and /#; = 2 cm,
d) for F =1.25Hz and h; =2 cm,
e) for F =1.00 Hz and /#; = 3 cm, and
f) for F= 0.75 Hz and h; = 4 cm.
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CHAPTER 5
RESULTS AND DISCUSSIONS

5.1 INTRODUCTION

In this section, the experimental and the numerical investigations are presented and
discussed for the single and double vertical slotted walls with impermeable upper
and lower parts, which have different draft as a proportion of the water depth. The
performances of the vertical slotted wall with respect to reflection, transmission and
dissipated energy are studied experimentally and theoretically. The numerical models
depend on an Eigen function expansion method for regular waves including both
linear and nonlinear wave theory. The experimental works were carried out by
regular waves and include those for both single slotted vertical wall and double
identical parallel walls with different chamber width. The porosity of the walls was
constant and equal to 50 % for the permeable part. A comparison between the
numerical results and the experimental results are also presented. The values of
friction parameter in the numerical model are varied to find a match with the
experimental results. The results of a parametric study of various parameters
governing the present wave structure interaction problem are also presented. This
section is divided into three main parts:

e Wave interaction with a single row of a vertical slotted wall breakwater

under linear waves.
e Wave interaction with a single row of a vertical slotted wall breakwater
under nonlinear waves (Stokes second-order wave theory).
e Wave interaction with double rows of identical vertical slotted wall

breakwater under linear waves.
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5.2 DATA ANALYSIS

The wave interaction with a vertical slotted single or double wall breakwaters are
determined by its reflection, transmission and dissipation characteristics. The energy
of the reflected waves from the permeable barrier is quantified in terms of reflection
coefficient. The reflection coefficient (CR) is defined as the ratio of the reflected
wave height to the incident wave height. A CR value of 1 corresponds to complete
reflection and 0 corresponds to either complete wave transmission or complete wave
absorption. The energy of the transmitted waves through the breakwater is quantified
in terms of the transmission coefficient (C7). A CT value of 1 corresponds to
transmission of entire energy past the permeable barrier and 0 corresponds to
complete wave reflection with zero energy past the barrier which seldom is possible.
The energy dissipation through the permeable part corresponds to the difference in
energy between incident wave and the sum of the energy of reflected and transmitted

waves. The energy dissipation coefficient (CE) is expressed as:

CE =1-(CR>+cCT ?) (5-1)
The time histories of the composite wave elevations were measured by the three
wave probes (WP1, WP2 and WP3) positioned in-front of the model were
decomposed into incident (4;) and reflected (4,) wave components as per the
procedure suggested by Mansard and Funke (1980). The transmitted wave height, 4,
was obtained from the measured time history of the wave height from the wave

probe (WP4) positioned on the lee side of the model. From the time histories of

measured regular wave heights, the reflection coefficient CR = A, / h, and the

transmission coefficient, CT = h, / h,, were obtained for all the wave

characteristics adopted for the study.
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5.3 WAVE INTERACTION WITH A SINGLE VERTICAL SLOTTED
WALL

5.3.1 General

In this section, the numerical results for a vertical slotted wall with impermeable
upper and lower parts, the draft of them, which are a proportion of the water depth,
are validated by comparison with previous studies. Some of them are theoretical and
experimental and others are theoretical and also are validated by comparison with the
experimental results of the single vertical slotted wall. The numerical model depends
on Figen function expansion method for regular waves (linear wave theory) and
utilizes a boundary condition at the barrier, which accounts for energy dissipation
within the barrier. The number of terms used in the Eigen function expansion is taken
as N = 50. This is found to give accurate results over the range of values presented
here. The experimental work were carried out with regular waves for various wave
periods (7 = 0.75 to 2 sec), wave heights (1, 2, 3, 4 cm), a fixed water depth of
d =30 cm and constant porosity of & = 50 % for the permeable part. The model
consists of impermeable upper and lower parts and a permeable part in the middle.
The influence of both impermeable lower and upper parts and the influence of
location of permeable part on the hydrodynamic characteristics of single vertical

slotted wall are reported.

In addition to that, some important relations related to the friction factor, porosity
and added mass coefficients are investigated. All results are presented and discussed

as follows.

5.3.2 Influence of the porosity (g), friction (f) and added mass (cm) factors on

the permeability parameter (G)

The hydrodynamic coefficients of permeable barriers are affected by the
permeability parameter G, which depend on the porosity €, the friction factor f and

the added mass factors cm as mentioned previously in equations (3.7, 3.8).
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Figure 5.1 shows the influence of porosity, friction and added mass coefficients on
permeability parameter G. Figure 5.1a shows the effect of the porosity € on G at
fixed added mass coefficient (cm = 0.00) and fixed friction coefficient (F' = 2).
Figure 5.1b shows the effect of the friction factor f on G at fixed added mass
coefficient cm = 0.00 and various porosity & . Figure 5.1c shows the effect of the
added mass coefficient cm on G at fixed friction coefficient F = 2 and various
porosity €. It is clear that the relationship between G and € is a direct proportion
while the relationship between G and f, G and cm is an inverse proportion. The
permeability parameter G increases continuously with increasing porosity & at fixed
f and c¢m, while f and cm are on the contrary with & , where the permeability
parameter G decreases with increasing the friction coefficient at fixed & and cm and
decreases with increasing the added mass coefficient at fixed & and f. The friction
coefficient has a clear influence on G. The rate of the decreasing is sharp and rapid
for small values of f'and high values of &, while the rate is slow for high values of f
and for small values of porosity at fixed cm. The influence of c¢m at fixed f'is minor

on G, so it can be neglected within this investigation.

5.3.3 Influence of the porosity (g), friction (f) and added mass (cm) factors on

CR, CT, and CE

The hydrodynamic characteristics of permeable barriers are affected by the

porosity &, the friction factor f'and the added mass factor cm.

Figure 5.2 shows the influence of porosity € at fixed F = 2 and cm = 0.00, Figure
5.3 shows the influence of friction factor f'at fixed € = 0.5 and cm = 0.00 and Figure
5.4 shows the influence of the added mass coefficients cm at fixed £€=10.5 and F =2
on the hydrodynamic coefficients CR, CT and CE as a function of kd for h; = 0.025 L
and dm = 0.6 d. The Figures follow the expected trend, and correspond to the various
limits indicated earlier: Thus, the reflection coefficient CR increases with increasing
kd, f and cm and decreases with increasing porosity &, while the transmission

coefficient CT follows the opposite trend, and the energy dissipation coefficient CE
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1s nonzero, accounting for the energy loss across the barrier. Increasing the porosity
i1s seen quite clearly (Figure 5.2) to reduce the reflection coefficient and increase
transmission coefficient, as expected. At lower values of kd, an increasing of porosity
is seen to reduce the energy dissipation coefficient, but for high values of kd an
increasing porosity actually causes an increase in the energy dissipation coefficient.
An increasing friction coefficient is seen quite clearly (Figure 5.3) to increase the
reflection coefficient and reduce the transmission coefficient, as expected. At lower
values of kd, an increasing friction coefficient is seen to increase the energy
dissipation coefficient, but for high values of kd an increasing friction coefficient
actually causes a decrease in the energy dissipation coefficient. These somewhat
surprising results are also observed in the exact solution of Isaacson et al. (1998) for
a partially submerged barrier. Increasing the added mass coefficient is seen (Figure
5.4) to cause similar trends of friction coefficient but the influence of added mass

coefficient is weak and can be neglected.

From the foregoing, it is clear that both the friction coefficient f and the
porosity & have a significant influence on G, CR, CT and CE of the vertical slotted
walls, while the influence of the added mass coefficient is powerless and can be

neglected.

5.3.4 Comparison of the present numerical model with vertical slotted barrier

The validation of the numerical model can be done by comparing with theoretical
results of Isaacson et al. (1998) for the hydrodynamic characteristics of vertical
slotted barriers. The numerical model as proposed by Isaacson et al. (1998) was
initially developed for studying the wave transmission through a single thin vertical
slotted barrier extending from the water surface to some distance above the seabed.
The comparison is carried out to investigate the hydrodynamic characteristics of a
single barrier through CR, CT and CE coefficients as a function of k*du for various
porosities &€ =5 % and 20 % , h/L = 0.07, f =2 and c¢m = 0.00 as shown in Figure
5.5. It is clear from the Figure that CR increases, whereas C7 decreases with an

increase in k*du. This is due to the reason that long waves will propagate past the
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barrier without being attenuated. Further, an increase in the porosity leads to an
increase in the flow through the barrier leading to a decrease in CR and an increase in
CT. The comparison is found to be sound thus validating the present numerical

model.

5.3.5 Comparison of the present numerical model with vertical submerged and

semi-submerged barriers

The validation of the numerical model can be also done by comparing with
theoretical result of Abu-Azm (1993) for both hydrodynamic characteristics of a
rigid thin breakwater that extend from above the water surface to some distance
below and a rigid thin submerged breakwaters that extends from the seabed until
below the waterline. The numerical model as proposed by Abu-Azm (1993) was
initially developed for studying the wave transmission beneath or above single thin
vertical barrier. The comparison is carried out to investigate the hydrodynamic
characteristics of a single barrier through CR, CT and CE coefficients as a function of
kd for a porosity & = 1 for the present study, A/L = 0.025, friction f and the
thickness of the wall is 0.01 d. The added mass coefficient cm is not taken into

account.

It is clear from the Figure 5.6a that the CR increases, whereas CT decreases with an
increase of kd. This is due to the reason that long waves propagate beneath the
barrier without being attenuated. While, the transmitted wave above the barrier is
very high along kd and the reflection coefficient is significant for lesser kd but
insignificant for higher kd. Short waves are transmitted completely as shown in
Figure 5.6b. In both cases the comparison is found to be excellent thus validating the

present numerical model.

From the foregoing, it is clear that the numerical of the present study is validated by
several of the previous studies and it helps in deducing the most important
hydrodynamic characteristics of a vertical slotted single wall for various parameters
and condition. It has proved its efficiency in deducing the most important

hydrodynamic characteristics for several types of permeable breakwaters like a row
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of single piles, pile-supported vertical walls, single slotted barriers extending from
above the water surface to some distance above the seabed, and submerged rigid thin
barriers extending from the seabed until below the waterline, semi-submerge rigid
thin barrier extending from above the water surface to some distance below with

taking into account limits of the study in each case.

5.3.6 Comparison of the present numerical model with pile-supported vertical

wall

The numerical results for a single vertical slotted wall breakwater with impermeable
upper and lower parts with different drafts as a proportion of the water depth are
validated by comparison with theoretical and experimental results of Suh et al.

(2006).

Figure 5.7 shows a comparison of the predicted results for a vertical slotted wall with
the predicted and measured results for a pile-supported vertical wall. The
comparison is conducted for transmission and reflection coefficients as a function of
kd where, the lower impermeable part dw = 0, the permeable part has a porosity
of & = 50 % and various draft of the upper part du = 0 d, 0.4 d and 0.6 d. In this
study, the permeability parameter G is expressed in terms of porosity &, friction
parameter f and the added mass coefficient cm as suggested by Sollitt and Cross
(1972) and adopted by Isaacson et al. (1998, 1999). The friction coefficient f which
realizes the best fitting is 0.5 and added mass coefficient cm = 0, since the porous
medium is a fixed structure here, while Suh et al. (2006) adopted the method of Mei
et al. (1974). In the study of Suh et al. (2006) G was expressed by.

_r (5-2)
P
[0

where B = energy dissipation coefficient which were given by Kim (Suh et al.,

2006).
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8a 1 5+ cosh(2kd)
p=—How -
97 \J(R+2)* + P 2kd +sinh(2kd)

(5-3)

where P =1k ; R = Bk / ® , & =head loss coefficient and given by the
plate orifice formula (Me1,1983)

a = I -1 |
| ecC -4

where C , = empirical contraction coefficient for which Mei et al. (1974) suggested

to use the formula
C.,=0.6+0.4¢" (5-5)

and [ = length of the jet flowing through the gap between piles and related to the

blockage coefficient as

l=b(1——1)+4—B 1 — log( 45)+1—e92+281 gt (5-6)
g T 3 180

In general, the results demonstrate a reasonable agreement for kd greater than 0.8 but
for kd less than 0.8, the numerical model of Suh et al. (2006) is found to over predict
the CR and under predict the C7. This trend in the variation of CR and CT with kd,
could be due to inability of the numerical model of Suh et al. (2006) in properly
representing the permeability parameter for lower values of kd as stated by these

investigators in their findings.
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5.3.7 Comparison results of the present numerical model with the

experimental results

Figure 5.8 shows a simulation for the measured results of PIV with the measured
results of Ultrasonic sensor. In addition to that, a comparison of a numerical model
of wave interaction with a vertical slotted wall depending on an Eigen function
expansion method with the pervious experimental results of PIV and Ultrasonic
sensor is conducted. To achieve the fit between the experimental and the prediction
results for reflection and transmission coefficients in the present study, the values of

friction and added mass coefficient could be /= 2, and cm = 0 respectively.

In general, PIV is able to measure the velocity of co-existing and transmitted waves
and able to find the wave interaction of the linear wave with permeable breakwaters.
The numerical model is compatible with measurements of PIV and Ultrasonic wave

gauges although with the presence of some scattering.

Finally, the results of PIV are perfectly acceptable and the application of PIV is
encouraging. Almost total compatibility is found between the results of PIV and
Ultrasonic sensor. Very close agreement is found between the results of the

numerical model and experimental results of PIV and Ultrasonic sensor.
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Figure 5.1:  Influence of porosity & , fand cm on the permeability parameter G.

(a) G as a function of the porosity € for fixed fand cm,
(b) G as a function of f for various & and fixed cm and

(c) G as a function of cm for various & and fixed f.
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5.3.8 Influence of the permeable depth

The effect of permeable depth dm on the hydrodynamic characteristics of permeable
barriers is plotted in Figures 5.9: 5.11. The first two Figures show a comparison of
the measured and predicted transmission, reflection, and energy dissipation
coefficients as functions of kd and the third Figure shows a comparison of the
measured and predicted transmission and reflection coefficients as a functions of
dm/d for a vertical slotted wall. The middle part is permeable with a porosity & = 50
%, the water depth d = 0.3 m, the thickness of breakwater b = 2.5 cm, h/L = 0.025,
the upper and lower parts are impermeable and various permeability draft as a
proportion of water depth dm = 0.8 d, 0.6 d, 0.4 d and 0.2 d, thus the draft of upper

and lower part changed according to dm.

The permeability parameter is expressed in terms of porosity, friction and added
mass coefficients as suggested by Sollitt and Cross (1972), and adopted by Isaacson
et al. (1998, 1999). The friction parameter f°, which describes the frictional losses,
associated with the flow through the barrier, where the flow contracts and expands
through the gap and assumed to be known as per Yu (1995). The added mass
coefficient was taken as zero since the porous medium here is a fixed structure,
resulting in the value of inertia coefficient, S = 1. The value S = 1 was used by many
researchers for flow through fixed porous structures. The success of applying Eigen
function expansion method to the flow through porous medium depends on the
selected value of G to model the physical behavior of the porous structure. The value
of G is calibrated through the adjustment of the friction parameter fto find a match
with the experimental results. To achieve the fit between the experimental and the
prediction results for reflection and transmission coefficients in the present study, the
values of friction and added mass coefficient could be f =2, and cm = 0

respectively.

In general, the numerical model is able to adequately reproduce the most important
features of the experimental results although there is some scatter in the experimental
result. The reflection coefficient, CR, increases with increasing kd at fixed dm and

increases with decreasing dm for the fixed kd. The transmission coefficient, CT
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follows the opposite trend. It is noticed that, the reflection coefficient is less for the
model when dm = d (i.e. the pile case) and maximum for dm = 0.00, i.e. the
reflection coefficient = 100 % for a wall, while the transmission coefficient for the
same case is CT = 0. It is obvious that the reflection and transmission coefficients
approx. one and zero respectively for high wave number associated short waves
where the short waves reach the depth of submergence of the upper skirt with small
degree. The effect of the portion of the permeability is seen for example at kd = 1
where the reflection and transmission coefficients vary from 20 % and 80 % to 60 %
and 45 % respectively. The energy dissipation, CE slowly increases with increasing
kd for lower kd and inversed for higher kd, while the energy dissipation for the pile
increases continuously and the energy dissipation CE = 0 for the wall. The
differences between the measured and predicted results are most notable in the
energy loss coefficients. Note that the measured 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.

Figure 5.11 (a, b) illustrates the predicted transmission, reflection coefficients as
functions of relative middle permeable part dm/d for vertical slotted walls, where the
middle part is permeable with a porosity of & = 50 % and various draft dm = 0 to d,
kd = 4.772 for Figure 5.11a and 1,363 for Figure 5.11b. In general, a 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. It
is noticed that, the reflection coefficient is 100 % at dm/d = 0 while the transmission
coefficient = 0 (wall case) and the less reflection at dm/d = 1 while the transmission
is maximum (pile case). Therefore, the efficiency of this type surpasses the
efficiency of pile breakwater, which has the same porosity. The target protection can

be achieved through the best choice for the permeability area.
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5.3.9 Influence of the draft of the impermeable lower part

The pure influence of the impermeable lower part dw on the hydrodynamic
characteristics of vertical slotted walls is plotted in Figures 5.12 and 5.13. The
porosity € is 50 % for the permeable part, the water depth d = 0.3 m, the thickness of
breakwater b = 2.5 cm, h/L = 0.025 and the draft of the impermeable upper part du is
fixed at 0.4 d. The lower impermeable part dw is various from 0 to 0.6 d, the friction
factor f = 2 and the added mass coefficient cm = 0.00. In general, the lower
impermeable part has a high efficiency for intermediate and long waves where the
reflection coefficient increases with increasing the draft of the lower impermeable
part, while the transmission coefficient CT follows the opposite trend. It is obvious
that the reflection coefficient approx. one for high wave numbers associated with
short waves. The effect of the portion of the impermeability lower part is seen for
example at kd = 1, where the reflection and transmission coefficients vary from 25 %
to 72 % and 75 % to 32 % for dw = 0:0.5 d respectively. For short waves, it has no
influence on the reflection and transmission coefficients. This is because the particle
orbits is circular and the amplitude of the velocity and the displacement decreasing
exponentially with the depth, until at z = -L/2, after this depth the energy of the wave
1s vanished according to the linear wave theory and the wave is totally reflected by
the impermeable upper part. The particle orbits in the intermediate depth diminish in
amplitude with the depth and also become flatter until the vertical component
vanishes at the seabed in accordance with the seabed boundary condition. Therefore,
the efficiency of this type surpasses the efficiency of pile-supported vertical wall
breakwaters, which have the same porosity, and the same draft of the impermeable

upper part for intermediate and long wave.

5.3.10 Influence of the draft of the impermeable upper part

The pure influence of the impermeable upper part du on the hydrodynamic
characteristics of vertical slotted barriers is plotted in Figures 5.14 and 5.15. The
porosity & is 50 % for the permeable part, the water depth d = 0.3 m, the thickness of
breakwater b = 2.5 cm, h/L = 0.025 and the draft of the impermeable lower part is
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fixed at 0.4 d while the upper impermeable part is various from 0 to 0.6 d, the
friction factor f = 2 and the added mass coefficient cm = 0. In general, the upper
impermeable part has significant influence for short, intermediate and long waves.
The reflection CR coefficient is close to one for short waves when the draft of the
upper is skirt higher than 0.3 d, while the transmission CT coefficient is close to zero.
The effect of the portion of the impermeability upper part is seen for example at
kd =1, where the reflection and transmission coefficients vary from 20 % to 75 %

and 80 % to 30 % for du = 0:0.5 d respectively.

Finally, the upper impermeable part has significant influence for all types of waves.

5.3.11 Influence of the location of the permeable part

The influence of the location of the permeable part dm on the hydrodynamic
characteristics of vertical slotted walls is plotted in Figure 5.16. The porosity & is
50 %, the water depth d = 0.3 m and the thinness of breakwater b = 2.5 cm,
hi/L =0.025, the friction F = 2, the added mass coefficient cm = 0 and the draft of
the permeable part is fixed at 0.2 d and have various locations “cdm’ measured from
the water surface and vary from 0.1 to 0.7 d. In general, the location of the permeable
part has a significant influence for short and intermediate wave up to kd = 0.5 and
cdm< 0.5 d. For kd < 0.5 and also for kd = 0.5 and cdm> 0.5 d. The location of
the permeable part has insignificant influence on the hydrodynamic characteristics at
cdm< 0.5 d. It is noticed that, for cdm = 0.1 d and kd 2 1 the CR, CT and CE seems
to be constant at 50 %, 58 % and 38 % respectively.

Therefore, the hydrodynamic performance characteristics of permeable breakwaters
vary according to the location of the permeable part. The degree of the target
protection can be achieved through the best choice for the permeability area and its

location together.
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Figure 5.16: Comparison of experimental and prediction results as a function of
(kd) for fixed middle permeable part dm = 0.2 d and different location
from water surface with constant porosity € = 0.5, f =2 and cm = 0.
(a) Reflection coefficient,
(b) Transmission coefficient and
(c) Energy dissipation coefficient.
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5.4 NON LINEAR WAVE (STOKES SECOND-ORDER WAVE)
INTERACTION WITH SINGLE VERTICAL SLOTTED WALL
5.4.1 General

In this section, numerical results for a single vertical slotted wall derived by applying
Stokes second-order wave theory are compared with experimental and numerical
results from linear wave theory. The numerical model deepens on Eigen function
expansion method for regular and non-linear waves (Stokes second-order wave
theory) and utilizes a boundary condition at the barrier, which accounts for energy
dissipation within the barrier. The number of terms used in the Eigen function
expansion was taken as N = 50. This was found to give accurate results over the
range of values presented here. The model of this study is the same as for linear wave
interaction with a single vertical slotted wall breakwater. The hydrodynamic
characteristics of single vertical slotted wall under nonlinear waves are investigated.

All results are presented and discussed as follows.

5.4.2 Influence of the permeable depth

The effect of the permeable part dm on the hydrodynamic characteristics of
permeable barriers is investigated and indicated that the behavior of hydrodynamic
characteristics CR, CT and CE for nonlinear wave (Stokes second-order wave) is
similar to the behavior of linear wave which was discussed earlier within the same
limits and conditions. There is no need to mention all these results here but it is

important to mention the differences between them in the next section.

5.4.3 Comparison of Stokes second-order wave with linear wave

The predicted results of Stokes second-order wave interaction is compared with
experimental and predicted results of linear wave interaction for a single vertical
slotted wall model. The results are plotted in Figures 5.18 and 5.19. The parameter of
waves and the barrier are the same in the numerical model and the experimental

work for previous Figures 5.9 and 5.10. It’s clear from the Figures that the trend of
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Stokes second-order waves is identical to the trend of linear waves for short and
intermediate waves up to kd = 1 but the trend of Stokes second-order waves is
higher than the trend of linear waves for intermediate waves at kd < 1 and the long
waves. This may be because the profile of the second-order is a steeper crest and
shallower trough than the profile of a linear wave as shown in Figure 5.17 and the
energy of short wave and lower intermediate is quite reflected. But for higher
intermediate and long waves, the energy of a second-order wave is reflected more
than the linear wave and transmitted lesser than it. It is noted that the reflection
coefficient increases with about 5 % and the transmission coefficient decreases with
about 5 % than linear wave theory seen for example at kd = 0.5. This ratio increases

with decreasing kd.

Finally, the numerical results of the present study are in convergence with the
experimental results especially for kd < 1 and the Stokes second-order component
can be neglected for short waves and may become significant for intermediate and

long wave.

.......... ]jnear wave

6 2-nd order wave |

Figure 5.17: Comparison between the waves profile of linear and Stokes second-
order waves at T=1s and 4, = 0.025 L.
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(b) Transmission coefficient and
(c) Energy dissipation coefficient.

order theory) with measured and predicted results of linear waves as a
(a) Reflection coefficient,

Comparison of predicted results of nonlinear waves (Stokes second-

function kd for various dm, and &

Figure 5.18:
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Figure 5.19: Comparison of predicted results of nonlinear waves (Stokes second-
order theory) with measured and predicted results of linear waves as a
function kd for various dm, and constant & = 0.5, f =2 and cm = 0.
(a) Reflection coefficient,
(b) Transmission coefficient and

(c) Energy dissipation coefficient.



140 Wave interaction with vertical slotted walls as a permeable breakwater

55 LINEAR WAVE INTERACTION WITH DOUBLE VERTICAL
SLOTTED WALLS BREAKWATER
5.5.1 General

In this section, numerical results for a double identical vertical slotted walls
breakwater are compared with previous studies and experimental results of this
study. The numerical model depends on Eigen function expansion method for regular
waves (linear wave theory) and utilizes a boundary condition at the surface of the
barrier which accounts for energy dissipation within the barrier. The number of terms
used in the Eigen function expansion was taken as N = 30. This was found to give
reasonable accurate results over the range of values presented here. The experimental
work is carried out with regular waves for various wave periods (T = 0.5 to 2), wave
heights are (1, 2, 3, 4 cm), a fixed water depth d = 30 cm, constant porosity
of & =50 % for the permeable part. The second wall is located at different distances

from the first wall. All results are presented and discussed as follows.

5.5.2 Validation of the numerical model for double vertical slotted barriers

The validation of the numerical model can be done through comparing the results
with theoretical and experimental results of Isaacson et al. (1999) for hydrodynamic
characteristics of double vertical slotted barriers. The numerical model as proposed
by Isaacson et al. (1998) was proposed for studying the wave transmission through
double thin vertical slotted barrier extending from the water surface to some distance

above the seabed.

Figure 5.20 shows the comparison between the present study and the numerical and
experimental study of Isaacson et al. (1998) which were 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 porosity
E=5%,h/L=0.07,f=2,cm=0.00,b=1.3 cm, d = 0.45 cm and barrier spacing
A=1.1du.
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The comparison is found to be good, despite some of the dispersion in CR, CT which
clearly appears in CE, that may be related to the difference in mathematical
approximation in both numerical models. It is clear from the figure that the CR
increases, whereas CT decreases with an increase in k*du. This is due to the reason
that long waves, which are lesser k*du will propagate past the barrier without being
attenuated. It is worth mentioning that the variations of single slotted barrier are
observed to be smooth as shown previously in Figure 5.6, whereas in the case of
double walls, secondary peaks are observed due to the interaction between two

obstructions with the propagating waves.

Generally, the numerical model of the present study is more convergent with the
experimental results of Isaacson et al. (1998), thus validating the present numerical

model.

5.5.3 Influence of the permeable depth

The effect of the permeable part dm on the hydrodynamic characteristics of identical
double vertical slotted walls is plotted in Figures 5.21 to 5.44, which indicate the
comparison of the measured and predicted transmission, reflection, and energy
dissipation coefficients as a function of kd as shown in Figures 5.21 to 5.36 and as a
function of dm/d as shown in Figures 5.37 to 5.44. The middle part is permeable with
a porosity & = 50 % , the water depth d = 0.3 m, the thickness of breakwater
b=2.5cm, h/L = 0.025, the upper and lower parts are impermeable, various
permeability draft as a proportion of water depth dm =d, 0.8d, 0.6d, 04d 02d
and 0.00. The draft of the upper and lower parts changed according to dm. The
permeability parameter previously discussed in section 5.3.7, the values of the
friction and the added mass coefficient are given /= 2, and cm = 0 on the basis of a
best fit between the measured and predicted values of the transmission, reflection and
energy dissipation coefficients. The chamber width vary as a proportion of the water
depth2A=0.54d,d, 1.5 d and 2 d as shown in Figures 5.21 to 5.28 and 5.37 to 5.40
as well as vary as a proportion of the wave length2 A=0.25 L, 0.5 L, 0.75 L and L as
shown in Figures 5.29 to 5.36 and 5.41 to 5.44.
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In general, the Figures 5.21 to 5.36 follow the expected trends. The reflection
coefficient, CR increases with increasing kd at fixed dm and increases with
decreasing dm at fixed kd The transmission coefficient, CT follows the opposite
trend. It is noticed that, the reflection coefficient is less for the model when the
dm =d (i.e. a pile case) and maximum for dm = 0.00, i.e. the reflection coefficient is
100 % for the wall, while the transmission coefficient for this case is C7'= 0. It is
obvious that the reflection and transmission coefficients approx. one and zero
respectively for high wave number associated with short waves. The effect of the
portion of the permeability is seen for example at kd = 1 where the reflection and
transmission coefficients vary from 25 % and 75 % to 58 % and 30 % respectively.
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 differences between the measured and predicted
results are most notable in the energy loss coefficients. Note that the measured
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 are occurred. The number of peaks increases with

increasing the chamber width. For larger relative spacing, peaks in the transmission
and reflection coefficients occur when the relative draftkd = nz /(24 /d) ,

corresponding to resonant excitation of partial standing waves between the barriers.

This result agrees with the result of double slotted barriers (Isaacson et al. 1999).

Figures 5.29 to 5.36 illustrate the relation between the hydrodynamic characteristics
and kd when the chamber width varies as a proportion of the wave length. In general,
the Figures follow the expected trends. The reflection coefficient, CR increases with
increasing kd at the fixed dm and increases with decreasing dm for the fixed kd. The
transmission coefficient, CT follows the opposite trend. The energy dissipation CE
increases with increasing kd for the lower kd and reaches more than 80 % for
position2 4 = 0.25L and 0.75L while CE reaches 45 % for position2 2 = 0.5L and L.
Thereafter, CE inversed for the higher kd, while the energy dissipation for the pile

increases continuously and the energy dissipation CE = 0 for the wall. The effect of
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the portion of the permeability is seen for example at kd = 1 where the reflection and

transmission coefficients vary from 8 % and 18 % to 72 % and 74 % respectively.

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 Figures 5.37 to 5.40 and as a proportion of the wave length as
shown in Figures 5.41 to 5.44. The middle part is permeable with porosity & = 50 %
and various draft dm = 0 to d, for different kd = 4.772, 2.689, 1.363 and 0.577. In
general, a 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. It is noticed that, the reflection coefficient is 100 % at
dm/d = 0 while the transmission coefficient = 0 (wall case). The less reflection at
dm/d = 1 while the transmission is maximum (pile case). 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 is seen to be satisfactory when the chamber width is a
proportion of both water depth and wave length, 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.
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Figure 5.20: Comparison of the present results with prediction and experimental
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5.5.4 Influence of the chamber width

The effect of the chamber width 24 on the hydrodynamic characteristics of two
identical double vertical slotted walls is plotted in Figures 5.45:5.52. These Figures
indicate the comparison of the measured and predicted transmission, reflection, and

energy dissipation coefficients as a function of A / d as shown in Figures 5.45 :

5.48 and as a function A / L as shown in Figures 5.49: 5.52, where the middle part
is permeable with a porosity & = 50 % , the water depth d = 0.3 m, the thickness of
breakwater b =2.5 cm, h/L = 0.025, F =2, cm = 0, various kd = 4.772, 2.689, 1.363
and 0.577, the upper and lower parts are impermeable, the middle part is permeable
as a proportion of water depth dm = 0.8 d, 0.6 d, 0.4 d and 0.2 d, and the draft of the
upper and lower part changed according to dm. In general, the reflection coefficient,
CR decreases with increasing dm/d at fixed A /d and A /L , while the
transmission coefficient C7 and dissipation energy coefficient CE, follows the
opposite trend. It is amazing that the hydrodynamic characteristics CR, CT and CE
oscillating along A /d and A / L in form crests and bottoms. The number of
pikes is fixed along A / L and different along A / d where the crest occurs at

2 A =(n-0.5) L and (n) L associated to maximum value of CR and CT and minimum

value of CE and the bottom occurs at 24 = (n-0.75) L and (n -0.25) L associated to

minimum CR and CT and maximum value of CE.

The influence of the chamber width can also be seen more clearly: the hydrodynamic
performance of the double vertical slotted wall is insensitive to the spacing between
the barriers and is influenced only by excitation of partially standing waves between
the barriers. In fact, no distinct influence could be noted if the chamber width is

related to the water depth but to the wave length.
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5.5.5 Comparison between single and double vertical slotted walls

It is also of interest to compare the performance of double vertical slotted walls with
that of a single wall. Figures 5.53 to 5.56 show a comparison of the transmission,
reflection and energy dissipation coefficients of single and double vertical slotted
wall as functions of kd, for various A /d =0.25,05,075 andd, F=2,cm=
0.00, € =50% and dm = 0.2 d, 0.4 d, 0.6 d and 0.8 d as shown in Figures 5.53,
5.54, 5.55 and 5.56 respectively. As expected, the addition of the second barrier has
no distinct influence on the reflection coefficient but has 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. Therefore, the reflection coefficient is

not affected so much, unlike the transmission and energy dissipation coefficients.

Figures 5.57 to 5.60 show a comparison of the transmission, reflection and energy
dissipation coefficients of single and double vertical slotted walls as a function of 4d,
for various A /L =0.125,0.25,0.375 and 0.5, F =2, cm = 0.00, & =50 % and
dm=0.2d, 04d, 0.6dand 0.8 d as shown in Figures 5.57, 5.58, 5.59 and 5.60
respectively. It is noted that the hydrodynamic performance in the case of the
chamber width 2 4 = 0.25 L is identical with that of2 4 = 0.75 L. The reflection and
transmission coefficients are less than both the single wall and the case of double
walls at2 1 = 0.5 L and L. The energy dissipation coefficient is greater. The energy
dissipation increases up to 40 % for long waves and the energy dissipation do not

change much for short waves.

This can be explained as follows: in the case of2.12 = 0.25 L and 0.75L the reflection
and transmission coefficients are caused by the superposition in opposite direction.
The reflected and transmitted waves from the second wall have an opposite phase
with the reflected and transmitted waves from the first one. It is observed during the
experimental work that the oscillating of waves in front and behind the first wall is in

the opposite direction as shown in Photos 5.1 and 5.2. This leads to a decreasing of
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the reflection and transmission coefficients and increasing of the dissipation of wave

energy.

Similarly, the hydrodynamic performance in the case of a chamber width2 4 =0.5 L
is identical with2 2 = L, where the CR is larger than both the single wall and double
walls when the chamber width2 2 = 0.25 L and 0.75L. The transmission coefficient
CT is less than for a single wall and greater than for double walls in the
case24 =0.25 L and 0.75 L. The energy dissipation coefficient is less than the
double wall in the case2 4 = 0.25 L and 0.75L and do not change much in the case

the single wall.

This can be explained as follows: in the case of the chamber width2 4 = 0.5 and L
the reflection and transmission coefficient are caused by the superposition in the
same direction. The reflected and transmitted waves from the second wall have the
same phase of the reflected and transmitted waves from the first one. It is observed
during experimental work that the oscillating of wave in front and behind the first

wall is in the same direction as shown in Photos 5.3 and 5.4.

It is important to recognize that the best locations for the second wall should be
constructed at distances of an uneven multiple of a quarter of the wavelength (0.25 L,
0.75 L and 1.25 L), (where L is the predominant wave length). This position can
increase the dissipation of the energy up to 40 % more than a single wall and double
walls when the chamber widths are 0.25 L, 0.75 L, 1.25 L...and so on. 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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& = - e - -

Photo 5.1: Water profile at the first wall at A/L=0.125 at & =90 and
hi=3cm, T=1s, &€ =05anddm =0.24d.

——— : ST L —
Photo 5.2: Water profile at the first wall at A/L =0.125 at € =270 and
h=3cm, T=1s, & =05anddm =0.2d.
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P Lt e o

at 6 =90

Pot(; 53~\-7Vater i)foﬁie at the first wall ét ﬂ /L - 025
hi=3cm, T=1s, &€ =05anddm =0.2d.

PR A S o ey i v

Photo 5.4: Water profile at the first wall at A/L=0.25 at € =270 and
hi=3cm, T=1s, E=0.5anddm =0.2d.
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CHAPTER 6
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

6.1 SUMMARY

In this study, many of the scientific results in the protection of coast and ports are
accomplished. These results could be used to achieve impressive progress in the use

of permeable breakwaters. This study is based on the flowing steps:

e Developing a numerical model based on the Eigen function expansion
to investigate the hydrodynamic performance of a single vertical slotted
wall with linear waves.

e Establishing a proposal of a numerical model based on the Eigen
function expansion to investigate the hydrodynamic performance of a
single vertical slotted wall with nonlinear waves (stoke second-order
wave theory).

e Developing a numerical model based on the Eigen function expansion
to investigate the hydrodynamic performance of double vertical slotted
walls with linear waves.

e Extensive laboratory studies were conducted to validate the present
numerical models and to measure the velocity field.

e Innovation a new laboratory method to deduce the wave interaction
with structures via a new application of PIV.

e Comparisons of the present results with some previous studies were

conducted to validate the present numerical models.

The conclusions of this study are reported as follow.
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6.2 CONCLUSIONS

The following section presents the salient conclusions drawn from the present study

on vertical slotted walls breakwater.

6.2.1 Linear wave interaction with a single vertical slotted wall

This study describes the numerical prediction of wave interaction with a vertical
slotted wall breakwater with impermeable upper and lower parts; the draft of them is
a proportion of the total depth and the middle part is permeable with porosity 50 %.
For regular wave, an Eigen function expansion method has been adopted to predict
various hydrodynamic characteristics (CR, CT and CE). Laboratory tests were
carried out and comparisons with previous studies were conducted to validate the
numerical model. The velocities and the vortices that results from the separation of
flow through the slots in front and behind the single vertical slotted wall were
recorded by PIV. In addition, PIV was employed to investigate the wave interaction
with permeable wall through measuring the reflection, transmission and energy

dissipation coefficients.

e The time increment should be taken in a range of 0.01 7 < 6t < 0.015 7, such
that the error of measurements will be less than £ 5 % within this study. The
achievable accuracy of PIV measurement within this set-up is shown to be
limited by the influence of the relative time incrementor /7T .

e A comparison between the velocity measurements via PIV and the linear
velocity for incident waves was carried out. The comparison clarifies that the
results of PIV are perfectly acceptable for high velocities and satisfactory to
some extent in the low velocities.

e The measured results of PIV were simulated by the measured results of
Ultrasonic wave gauges. The agreement is generally satisfactory and
indicates that PIV is able to measuring the co-existing and transmitted waves

and also is able to find the wave interaction with permeable breakwaters.
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A comparison of corresponding numerical predictions with the experimental
results of PIV and results of Ultrasonic wave gauges was conducted and
indicated that the numerical model is compatible with measurements of PIV
and Ultrasonic wave gauges despite of the presence of some scattering.

The results of PIV are perfectly acceptable and the application of PIV is
encouraging.

Comparisons of corresponding numerical predictions with some previous
studies, some of them are numerical and experimental and others are
numerical with taking into account limits of the study in each case have been
conducted, and close agreements were obtained.

The friction coefficient f and the porosity & have significant influence on G,
so CR, CT and CE of the vertical slotted walls, while the influence of added
mass coefficient is powerless and can be neglected. The value of fand c¢m are
given based on the best fit between the numerical and the predicted values of
the transmission, and reflection coefficients.

Comparisons of corresponding numerical predictions 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.

The reflection coefficient, CR increases with increasing kd at fixed dm and
increases with decreasing dm at fixed kd. The transmission coefficient, CT
follows the opposite trend. The energy dissipation, CE slowly increases with
increasing kd for the lower kd and inversed for the higher /d.

The lower impermeable part has high efficiency for intermediate and long
wave, where the reflection coefficient CR increases with increasing the draft
of dw. The transmission coefficient, CT follows the opposite trend, but it has
no influence on short waves.

The upper impermeable part has significant influence for all types of waves.
The location of the permeable part has a significant influence for short waves
until the location of permeable part equal 0.3 d. After this draft, the influence
is insignificant, while it has a significant influence for intermediate and long

waves at any location.
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e At the location where du = 0 and dw = 0.8 d, the reflection and transmission
coefficients seemed to be fixed at about 0.52 % and 0.59 % respectively and
the energy dissipation coefficient is about 0.38 %.

e The Hydrodynamic Performance Characteristics of permeable Breakwaters
vary depending on the permeability area and its location. Thus, the degree of
target protection can be achieved through a combination of permeability area
and its location.

e The efficiency of this type surpasses the efficiency of pile breakwaters in
general and surpasses the efficiency of pile-supported vertical wall

breakwaters, especially for intermediate and long waves.

6.2.2 Nonlinear wave interaction with a vertical slotted wall

This study describes the numerical prediction of nonlinear wave (Stokes second-
order wave) interaction with a vertical slotted wall breakwater. For regular wave, an
Eigen function expansion method has been developed to predict various
hydrodynamic characteristics (CR, CT and CE). A comparison of hydrodynamic
characteristic of single vertical slotted wall under linear wave with the same type
under nonlinear wave has been investigated. All results are presented and discussed

as follows.

e The behavior of hydrodynamic characteristics CR, CT and CE for nonlinear
wave (Stokes second-order wave) is similar to the behavior of linear wave
within the same limits and conditions, and thus the numerical model is able to
adequately reproduce most of the important features of the experimental
results.

e Comparisons of Stokes second-order wave interaction with linear wave
interaction of vertical slotted wall showed that the behavior of Stokes second-
order waves is identical to the behavior of linear waves for short and
intermediate waves up to kd = 1 but the behavior of Stokes second-order
waves is higher than linear waves theory for intermediate waves at kd < 1

and the long waves.
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e The reflection coefficient increases with about 5 % and the transmission
coefficient decreases with about 5 % than linear wave theory seen for
example at kd = 0.5. This ratio increases with decreasing kd.

e The Stokes second-order components can be neglected for short waves and

may become significant for intermediate and long waves.

6.2.3 Linear wave interaction with double vertical slotted walls

This study describes numerical predictions of linear wave interaction with double
vertical slotted walls breakwater with impermeable upper and lower parts; the draft
of them is a proportion of the total depth, the middle part is permeable with porosity
50 % and various chamber widths. For regular wave, an Eigen function expansion
method has been developed to predict various hydrodynamic characteristics (CR, CT
and CE). Laboratory tests were carried out and comparisons with previous studies
were conducted to validate the numerical model. The influence of the chamber width
on the reflected and transmitted waves has been investigated. A comparison between
the hydraulic performance of a single and double vertical slotted walls breakwaters

has been conducted.

e A comparison of corresponding numerical results of CR, CT and CE with
numerical and experimental results of Isaacson et al. (1999) was conducted, to
validate the numerical model, and a close agreement was obtained.

e Comparisons of corresponding numerical predictions 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.

e The reflection coefficient, CR increases with increasing kd at fixed dm and
increases with decreasing dm at fixed kd. The 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.
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o The reflection coefficient, CR decreases with increasing dm/d while the
transmission coefficient, C7 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.

e The peaks in CR, CT, and CE occurred when the chamber width related to the
water depth. The number of peaks increases with increasing the chamber
width. For larger relative spacing, peaks in the transmission and reflection
coefficients occur when the relative draft, corresponding to resonant excitation
of partial standing waves between the barriers. This result agrees with result of

Isaacson et al. (1999).
e CR, CT and CE oscillating along A /d and A / L in form crests and
bottoms. The number of pikes is fixed along A / L and different along

A / d where the crest occurs at 2 A = (n-0.5) L and (n) L associated to

maximum value of CR and CT and minimum value of CE and the bottom

occurs at 2 A = (n-0.75) L and (n -0.25) L associated to minimum CR and CT
and maximum value of CE.

e No distinct influence was noted if the chamber width related to the water depth,
but distinct influence was noted if related to the wave length.

e The addition of the second barrier has no distinct influence on CR but has
distinct influence on CT and CE when the chamber width is related to the water
depth. 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.

e The hydrodynamic performance of this type in case the chamber width

2 A =0.25 L identical with 24 =0.75 L. CR and CT are less than both CR
and CT of single and double walls at other chamber width, while CE is greater
than of both types. The additional energy dissipation up to 40 % for long wave
and the energy dissipation do not change much for short wave. The reflection
CR and the transmission CT coefficients are caused by the superposition in
opposite direction for both the reflected and the transmitted wave from the first

and second walls.
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e The hydrodynamic performance of this type in case the chamber width
2 A =0.5 L identical with 24 = L, where the CR larger than both CR of
single and double walls, while the transmission coefficient C7 is less than CT

of the single wall and greater than CT of the double walls in case

24 =025L and 0.75 L. The reflection coefficient CR and the transmission
coefficient CT are caused by the superposition in the same direction for both
the reflected and the transmitted wave from the first and second wall.

e The best locations for the second wall could be constructed at a distance of an
uneven multiple of a quarter of the wavelength (0.25 L, 0.75 L and 1.25 L).
This position can increase the dissipation of the energy up to 40 % more than
the single and double walls when the chamber widths are 0.25 L, 0.75 L, 1.25 L
and so on. Furthermore, it gives the least reflection coefficient, which leads to
decreasing the force on the walls as well as decreasing the transmission of

waves inside the harbor to minimal limit.

6.3 RECOMMENDATIONS

It is recommended to use vertical slotted walls breakwater in protection procedures
against waves and currents because they are an environmental means that have the
less negative effects on neighboring beaches and have high significant degree of
protection. The vertical slotted walls breakwaters could be used advantageously in
both soft and hard soils, where, it can be used as pile-supported slotted walls or
slotted walls supporting on foundations, and can be used when the water depth is
intermediate and wave climate is moderate. The progressively decreasing depth of
permeable part of the wall is recommended to minimize the transmission so that the
dissipation of the incident wave energy will increase. For double rows of vertical
slotted walls, the second wall should be constructed at a distance of an uneven
multiple of a quarter of the wavelength (0.25 L, 0.75 L and 1.25 L), where L is the
predominant wave length. This type of structure can be constructed advantageously
in locations where tidal ranges and currents are more, which prevent the normal type

of rubble mound construction. The double vertical slotted wall would be relatively
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economical as the structure serves multipurpose. The vessels can be berthed on the
lee side and the top surface could also be used for loading/unloading as well as for
movement of men and material. Such structures could also be used as a minimum
reflection structure, inside the harbors, for separating the area for sailing boats/yachts

without affecting the free circulation and quality of water.

6.4 SCOPE FOR FUTURE STUDY

This subject is still very important and needs more studies to discover other types of
permeable breakwaters that could be more effective and has less side effects on the

environment and economy.

e Pointing out that the hydraulic performance of single or double inclined slotted
walls, single or double slotted walls that have untraditional slots and
combination between several types of permeable breakwaters, like horizontal
plate or permeable material between double rows of pile or slotted wall, are
another area of practical interest.

o Attempting to model the effect of curvature on the sea side skirt could also be
taken up.

¢ Expanding the use of PIV in studying the wave interaction with such structures
for further clarification in understanding the means dissipating the energy.

e Examining the scour beneath such these structures to discover the influence of
permeability on the scour of the seabed is very important.

e Studying the efficiency of the proposed breakwaters under the action of the
others types of nonlinear and random waves.

e Studying the efficiency of the proposed breakwaters when subjected to oblique
incident waves.

e Studying the integration between the transmitted waves through the permeable
breakwaters and diffracted waves through breakwaters opening to determine

the actual height of waves within the harbors.
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