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ABSTRACT 
 
 
In this research work the interaction between waves and rectangular submerged 
breakwater has been investigated. To investigate the performance of proposed 
rectangular type submerged breakwater, experimental studies are carried out in a 
two-dimensional wave flume (21.3 m long, 0.76 m wide and 0.74 m deep) at the 
Hydraulics and River Engineering Laboratory of Bangladesh University of 
Engineering and Technology. A set of experiments are carried out at 50 cm still 
water depth with fixed submerged breakwaters of three different heights ( 30 cm, 
35 cm and 40 cm) for five different wave periods (1.5 sec, 1.6 sec, 1.7 sec, 1.8 sec 
and 2.0 sec) in the same wave flume. For 15 run conditions, data of water surface 
at different locations are collected manually by providing a vertical scale on the 
flume side made of glass. Six different locations both in front of and behind the 
breakwater are selected for data collection. Also the type of wave breaking and 
position of wave breaking are simultaneously recorded with a digital video 
camera. Effects of breakwater height and length along the wave direction on wave 
height reduction are analyzed.  
 
Two-dimensional numerical model based on the SOLA-VOF method developed 
for wave interaction with floating breakwater has been updated in this research to 
study the wave interaction with fixed submerged breakwater. The SOLA-VOF 
model allows an efficient tracking of the free surface. It is based on the concept of 
a fractional Volume Of Fluid (VOF) for tracking free surface boundaries using the 
donor–acceptor approximation algorithm. The treatment of the free surface 
configuration using a single VOF function F is computationally very efficient. The 
SOLA scheme is employed to calculate the pressure and velocities in each time 
step and the added dissipation zone method is adopted to treat the open boundary. 
The basic equations used for VOF method are the continuity equation, the Navier-
Stokes equation for incompressible fluid and the advection equation representing 
the behavior of the free surface. Because the wave generation source is placed 
within the computational domain, these equations involve the wave generation 
source.  
  
The developed numerical model is verified by comparing the model generated 
wave with the wave as per Stokes 3rd order wave theory. The time series water 
surface profiles, water particle velocity field, VOF function F, pressure around a 
breakwater of different heights (20 cm, 25 cm, 30 cm, 35 cm and 40cm) are 
simulated using the numerical model. The experimentally measured data shows 
good agreement with the water surface profiles and breaking positions simulated 
by the developed numerical model. This study is expected to serve as a useful 
model to analyze wave deformation due to submerged breakwater and will be 
important for designing submerged breakwater as a coastal protection measure.  
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CHAPTER 1:   INTRODUCTION 
 
1.1 General 

 
The coastal zone is a dynamic area comprising the natural boundary between land 

and ocean. In many countries of the world, the coastal zones have become the 

subject of major concern due to their multi-functional favorable uses. The intense 

uses of coastal zones, for building harbors, fisheries and recreational areas, 

utilizing food and mineral resources, energy procurement, industrial uses, 

providing water supply and so on, have make them multi-functional regions. 

However, the use of coastal zones is rather limited because of the existence of the 

wave actions, severe storm surges and tsunamis etc. Large-scale tsunamis and 

storm surges have occasionally flooded low-lying coastal areas and tremendous 

loss of life and property has been reported in various locations throughout the 

world.  

 

Coastal Zone Policy 2005 defines that the coastal zone of Bangladesh consist of 

nineteen districts comprising one hundred and forty seven upazilas.  Among them 

a total of forty eight upazilas are the exposed coasts and the remaining ninety-nine 

upazilas are interior coasts. The three basic natural system processes that govern 

opportunities and vulnerabilities of the coastal zone of Bangladesh are: tidal 

fluctuations; salinities (soil, surface water, ground water); cyclone and storm surge 

risk. From the analysis of 22 year data (1977-1998),  sea level rise has been 

estimated as maximum 7.8 mm/year at Cox’s Bazar in Bangladesh which will 

force the increase in the salinity of the coastal rivers and will make the irrigation 

fields unfit for cultivation because of salt deposits. The effect of tectonic 

subsidence may be more pronounced for this rapid rise in sea level. At least one 

hundred and twenty three polders have been created through construction of 5110 

kilometers of embankment providing protection to 1.5 million hector of coastal 

land in Bangladesh. But the performance of coastal polders mainly depends on the 

tidal characteristics of the rivers surrounding the polders and the degree of 

siltation in the rivers. So the exposed coastal areas of Bangladesh needs 
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appropriate coastal protection works badly to prevent the intrusion of sea water 

into the main land and to mitigate the shoreline erosion. 

 

The first world-wide attempts to mitigate shoreline erosion problems were by the 

use of sea walls, revetments and groins. Groins are built approximately 

perpendicular to the shoreline and serve to trap a portion of the longshore 

sediment-laden current or the littoral drift. Long stretches of coastline may be 

protected by constructing a series of groins, known as groin field. Revetments and 

sea walls are constructed along eroding shorelines, frequently resulting in the 

disappearance of beach. Additional studies on whether the sea walls and 

revetments cause beach erosion have been underway, sometimes with conflicting 

results.  

 

Recent developments in shore protection structures are offshore breakwaters. The 

primary objectives of an offshore breakwater system are to increase the longevity 

of a renourished beach, provide a wider beach for recreation and provide 

protection to upland areas from waves and flooding. Offshore breakwaters, also 

called bulkheads, reduce the intensity of wave action in inshore waters and 

thereby reduce coastal erosion. They are constructed some distance away from the 

coast or built with one end linked to the coast. The breakwaters may be placed one 

to three hundred feet offshore in relatively shallow water, designed to protect a 

gently sloping beach.  

 

Breakwaters may be either fixed or floating: the choice depends on normal water 

depth and tidal range. Breakwater construction is usually parallel or perpendicular 

to the coast to maintain tranquility condition in the important coastal regions like 

port. Most of breakwater construction depends upon wave approach with 

consideration of some other environmental parameters. When oncoming waves hit 

these breakwaters, their erosive power is concentrated on these structures some 

distance away from the coast. In this way, there is an area of slack water behind 

the breakwaters. Deposition occurring in these waters and beaches can be built up 

 2



or extended in these waters. However, nearby unprotected sections of the beaches 

do not receive fresh supplies of sediments and may gradually shrink due to 

erosion, namely longshore drift. 

 

Generally, many offshore breakwaters have been built with their crest above the 

water surface, that’s to say, the emerge structures. Submerged breakwaters are a 

special type of breakwaters distinguished from other emerged offshore ones. They 

are built with their crests submerged in the water. With this advantage, they avoid 

the generation of significant reflected wave that affect the nearby shoreline. 

Although it might take some disadvantage for navigation, they may be used 

efficiently as a mean of erosion control as they provide an inexpensive measure of 

protecting beaches exposed to small or moderate waves and offer fast installation 

for temporary offshore works. 

 

Fixed submerged breakwaters are more effective in reducing wave heights and are 

also less susceptible to structural failure during catastrophic storms. This nature-

conscious coastal protection work has become increasingly popular due to their 

multiple functions, which are to protect shoreline or harbor and to prevent beach 

erosion by providing a safe and agreeable environment in coastal areas. This 

structure scarcely harms the coastal scenery nor obstructs the utilization of sea 

area; thus, by creating a calm sea, it facilitates the utilization of the sea for 

recreational and residential developments. 

 

For safety design, many researchers have investigated the interaction between 

waves and the fixed submerged breakwater experimentally and numerically. In 

this study, two-dimensional experimental studies are carried out in the laboratory 

to investigate the performance of submerged breakwater in wave breaking as well 

as dissipating the incoming wave energy. The two-dimensional moored floating 

body–wave interaction model developed by Rahman (2005) is updated to adapt it 

for simulating wave interaction with submerged breakwater. Also experimentally 

measured data are used to compare with the numerical simulation, thus to check 

the validity of the developed numerical model. 
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1.2 Different types of coastal protection works  

 

Successful long-term coastal protection solutions seek to directly address and 

work with the natural physical processes responsible for the erosion problems. To 

select the most appropriate device(s) for a particular site both an understanding of 

the existing physical environment of the site and an understanding of the function 

and impact of various coastal protection options are required. This section 

describes the existing knowledge of the function and impacts of various coastal 

protection options that are presently used world-wide. The two different types of 

coastal protection works are the hard structural coastal protection options  and  the 

soft structural coastal protection options.   

 
1.2.1 Hard structural/engineering options 

 
Hard structural/engineering options use structures constructed on the beach or 

further offshore. The examples of onshore hard structures may be seawalls, groins, 

breakwaters/artificial headlands whereas, offshore breakwaters are the most 

common examples of offshore coastal protection works.  These options influence 

coastal processes to stop or reduce the rate of coastal erosion.  

 

(a) Groin 
 
Groin is a coastal structure constructed perpendicular to the coastline from the 

shore into the sea to trap longshore sediment transport or control longshore 

currents. This type of structure is easy to construct from a variety of materials 

such as wood, rock or bamboo and is normally used on sandy coasts. They form a 

cross-shore barrier that traps sand that moves alongshore, thereby increasing the 

width of the beach on the upstream side. Thus, they function best on beaches with a 

predominant alongshore transport direction. Some disadvantages of groins are: 

• Induces local scour at the toes of the structures.  

• Causes erosion downdrift; requires regular maintenance.  

• Typically more than one structure is required. 

 Some photographs of existing groins are shown in Fig. 1.1. 
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(b) Seawall 
 
A seawall is a structure constructed parallel to the coastline that shelters the shore 

from wave action. This structure has many different designs; it can be used to 

protect a cliff from wave attack and improve slope stability and it can also 

dissipate wave energy on sandy coasts. The disadvantages of this structure are: 

• It creates wave reflections and promotes sediment transport offshore.  

• Scour occurs at the toes of eroded beaches.  

• It does not promote beach stability.  

• It should be constructed along the whole coastline; if not, erosion will 

occur on the adjacent coastline. 

 Fig. 1.2 shows some photo views of seawalls.  

 

(c) Artificial headland 
 
This structure is constructed to promote natural beaches because it acts as an 

artificial headland. It is relatively easy to construct and little maintenance is 

required. The disadvantages of these structures are: 

• It is a relatively large structure.  

• It can cause erosion downdrift of the protected length of coastline.  

• Has poor stability against large waves. 

Some artificial headlands are shown in Fig. 1.3. 

 

 (d) Offshore Breakwater 
 
The main purpose of installing a breakwater is to reduce the height of incident 

water waves on the leeward side to a level compatible with the intended use of the 

site to be protected. Thus offshore breakwaters provide shelter from waves that 

trap sand by manipulating the littoral transport. Fig. 1.4 shows some photographs 

of offshore breakwaters. It reduces wave energy in its lee and creates a calm water 

body behind the structure that influences longshore transport of sediment. More 

recently, most offshore breakwaters have been of the submerged type; they 

become multipurpose artificial reefs where fish habitats develop and enhance surf 

breaking for water sport activities. These structures are appropriate for all 
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coastlines. There are different types of breakwaters like floating breakwater and 

submerged breakwater. 

 

 

 

 

 

 

 

 Fig.1.1: Groins
 

 

 

 

 

 

 
Fig.1.2: Sea wall

 

 

 

 

 

 

 

 
Fig.1.3: Headland 

 

 

 

 

 

 

Fig.1.4: Offshore breakwater
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(i) Floating breakwaters 

 

Floating breakwaters (Fig. 1.5) are normally used as piers in marinas, but they are 

also used as protective structures for marinas in semi-protected areas. They are 

especially suited for areas where the tidal range is high, as they follow the water-

level. Floating breakwaters work by dissipating and reflecting part of the wave 

energy. No surplus water is brought into the sheltered area in this situation.  

Floating breakwaters are seldom used as shoreline management structures because 

they are not suitable for installation in the open sea. Floating breakwaters can only 

be used in waters of very limited fetch. 

Fig. 1.5 : Floating breakwater
 

Advantages of floating breakwater 

• Floating breakwaters are less expensive than fixed structures in deeper 

water (depths greater than 10 feet). 

• Floating breakwaters can effectively attenuate moderate wave heights (less 

than about 6.5 feet). 

• Poor soil conditions may make floating breakwaters more feasible to use 

than heavy rubble fixed breakwaters. 

• Floating breakwaters can be easily moved and rearranged in different 

layouts or transported to another site. 
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Disadvantages of floating breakwater 

• Floating breakwaters are less effective in reducing wave heights for slow 

waves than fixed structures are; a practical upper limit for the design wave 

period is in the range of 4 to 6 seconds.  

• Floating breakwaters are susceptible to structural failure during 

catastrophic storms. 

• If the structure fails and is detached from its moorings, the breakwater may 

become a hazard. 

• Relative to common fixed breakwaters, floating breakwaters require a high 

amount of maintenance. 

 

(ii) Submerged or low-crested breakwater 

 
Submerged or low-crested breakwaters (Fig. 1.6) function by inducing wave-

breaking and by allowing some wave transmission so that a milder wave climate 

is obtained in lee of the submerged structure.  
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length=Lc
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structure

bottom

Wave

Fig. 1.6 : Definition sketch for submerged breakwater  

A submerged breakwater is constructed some distance away from the coast or 

built with one end linked to the coast. As the sediment transport capacity behind 

the breakwater is decreased, sand is accumulated in the low energy zone behind 

the submerged breakwater.  This structure is designed to absorb the energy of the 
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waves that hit it. This is done either by using mass (e.g. with caissons) or by using 

a revetment slope (e.g. with rock or concrete armour units).Caisson breakwaters 

(Fig. 1.7 (a)) typically have vertical sides and are usually used where it is 

desirable to berth one or more vessels on the inner face of the breakwater. They 

use the mass of the caisson and the fill within it to resist the overturning forces 

applied by waves hitting them. They are relatively expensive to construct in 

shallow water, but in deeper sites they can offer a significant saving over 

revetment breakwaters. Rubble mound breakwaters (Fig. 1.7 (b)) use the voids in 

the structure to dissipate the wave energy. Rock or concrete armour units on the 

outside of the structure absorb most of the energy, while gravels or sands are used 

to prevent the wave energy continuing through the breakwater core. The slopes of 

the revetment are typically between 1:1 and 1:2, depending upon the materials 

used. In shallow water revetment breakwaters are usually relatively cheap, but as 

water depth increases, the material requirements, and hence costs  increase 

significantly. 

 

 

 

 

 

 

 

 

 

 

 (b) Rubble mound breakwaters (a) Caisson breakwater 
 
  Fig. 1.7 : Different types of submerged breakwaters 
 
 
When oncoming waves hit these breakwaters, their erosive power is concentrated 

on these structures some distance away from the coast. In this way, there is an 
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area of slack water behind the breakwaters. Deposition occurring in these waters 

and beaches can be built up or extended in  these waters. This is shown in Fig. 1.8. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 1.8 : Role of submerged breakwater to prevent beach erosion 

 

Reasons for selecting a submerged/low breakwater 

 
• The visual impact of a submerged/low structure is less damaging. 

• A submerged or low-crested structure is less expensive. 

• The impact on the sand accumulation is smoother. 

• The overtopping water generates good water circulation behind 

breakwater. 

• Submerged breakwaters are very similar to natural reefs. They attract fish 

and are therefore economically beneficial. 

 

Disadvantages of submerged/low crested breakwater 

 
• A submerged structure can be dangerous for small craft navigation 
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• The overtopping water initiates local currents, which can be dangerous for 

swimmers 

• A submerged or low-crested structure provides only partial attenuation of 

the wave action as well as partial shore protection and coast protection 

• The efficiency of a submerged structure with respect to shore protection by  

the reduction of both waves and littoral transport very much depends on 

the crest freeboard of the design.  

• The design is very difficult and challenging because the proper function of 

a submerged or low-crested structure depends on both water-level and 

wave conditions as well as on the specific structure. 

1.2.2 Soft structural/engineering options 

 

Soft structural/engineering options aim to dissipate wave energy by mirroring 

natural forces and maintaining the natural topography of the coast. They include 

beach nourishment or feeding, dune building, revegetation and other non-

structural management options. 

 

(a)  Beach nourishment 
 
 
The aim of beach nourishment is to create a wider beach by artificially increasing 

the quantity of sediment on a beach experiencing sediment loss, improving the 

amenity and recreational value of the coast and replicating the way that natural 

beaches dissipate wave energy. Offshore sediment can be sourced and is typically 

obtained from dredging operations; landward sources are an alternative, but are 

not as effective as their marine equivalents because the sediment has not been 

subject to marine sorting. This method requires regular maintenance with a 

constant source of sediment and is unlikely to be economical in severe wave 

climates or where sediment transport is rapid. It has been used in conjunction with 

hard structural/engineering options, i.e. offshore breakwaters, headlands and 

groins to improve efficiency. Some photo views of beach nourishment are shown 

in Fig.1.9. 
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(b) Dune building/reconstruction 
 
Sand dunes are unique among other coastal landforms as they are formed by wind 

rather than moving waters; they represent a store of sand above the landward 

limits of normal high tides where their vegetation is not dependent on the 

inundation of seawater for stability. They provide an ideal coastal defense system; 

vegetation is vital for the survival of dunes because their root systems bind 

sediment and facilitate the build-up of dune sediment via wind baffle. During a 

storm, waves can reach the dune front and draw the sand onto the beach to form a 

storm beach profile; in normal seasons the wind blows the sand back to the dunes. 

In dune building or reconstruction, sand fences and mesh matting in combination 

with vegetation planting have successfully regenerated dunes via sediment 

entrapment and vegetation colonization. The vegetation used should be governed 

by species already present, such as marram, sand couch grass and lyme grass. Fig. 

1.10 shows some photos of dune building. 

 

(c) Coastal revegetation  
 
Based on studies and scientific results, the presence of vegetation in coastal areas 

improves slope stability, consolidates sediment and reduces wave energy moving 

onshore; therefore, it protects the shoreline from erosion. It may be successful in 

estuarine conditions with low energy environment if the environmental conditions 

favour the growth of species at the particular site and there is adequate knowledge 

on proper way of plantation. Site suitability for vegetation can be extended by 

other factors such as the beach slope, site elevation, tidal range and salinity of sea 

water and other existing hydrological parameters. Some photo views of coastal 

revegetation are shown in Fig.1.11. 

 

1.3 Literature Review 

 

Breakwaters may be either fixed or floating: the choice depends on normal water 

depth and tidal range. Two types of breakwaters were used during the Normandy 

invasion of World War II. The first were fixed breakwaters that were barges 
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Fig. 1.10: Dune building

Fig.1.11: Coastal revegetation

Fig.1.9: Beach Nourishment
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floated from Great Britain positioned just off shore and sunk. The second were 

actual floating breakwaters. These floating breakwaters were steel structures 

arranged in two lines along the Normandy coast.  

 
Research engineers and scientists have realized the potential for breakwaters in 

certain areas, and research interest has been directed towards this subject during 

the last decades. Among the two types of breakwaters, fixed submerged 

breakwaters are more effective in reducing wave heights and are also less 

susceptible to structural failure during catastrophic storms.  

 

The interaction of wave with submerged, bottom founded, or floating surface-

piercing structures have been studied experimentally by many investigators and 

among them some researchers developed or updated numerical model for 

presenting a systematic solution for their particular problems. Several reports on 

submerged breakwaters have appeared in the recent past (Rufin, Mizutani, Iwata, 

1996; Mizutani, Mostofa, Hur, 1998; Golshani, Mizutani, Hur,2003; Hur. D.S., 

2003; Hur, Kawashima and Iwata, 2003), and the state-of-the-art literature review 

for complete review of the performance characteristics of various types of 

submerged breakwaters is done (Cheng, S., Liu, S. and Zheng, 2003). 

 
Dong-Soo Hur (2003) investigated the wave deformation of multi-directional 

random waves passing over an impermeable submerged breakwater installed on 

the slope. The experiments were carried out in the three-dimensional wave basin 

which is equipped with a multi-directional random wave generator with a 

segmented wave-maker installing the wooden submerged breakwater on a sloping 

bed. To estimate the location and limit of wave breaking Hur, Kawashima and 

Iwata (2003) conducted experiments in a three-dimensional wave basin a multi-

directional random wave generator. This study investigates experimentally the 

breaking wave height of multi-directional random waves passing over an 

impermeable submerged breakwater. A special type of wave gauge has been 

newly devised to record the water surface elevations in the breaker zone as 

accurately as possible. A study on application analysis of submerged breakwaters 
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to compare the reflection and transmission characteristics with other kinds of 

breakwaters were done by Cheng (2003). He studied the performance of different 

types of submerged breakwaters both experimentally and numerically. 

 

Al-Banna and Liu (2007) conducted a numerical study on the hydraulic 

performance of submerged porous breakwater under solitary wave attack based on 

solving the Reynolds-Averaged Navier-Stokes (RANS) equations. Lee et al. 

(2007) studied the transformation of irregular waves propagating over a 

submerged breakwater. By providing the incident irregular waves with repeatable 

amplitude and phase for each wave component, effects of the height and width of 

the breakwater on the wave transformation were studied systematically. Lau et al. 

(1990) solved the three-dimensional problem of the dynamics of a moored 

floating object under the action of regular waves numerically as a boundary value 

problem by the use of the infinite element method. Sen (1993) developed a 

numerical method to simulate the motions of two-dimensional floating bodies. 

Shirakura et al. (2000) developed a 3-D fully nonlinear wave tank to simulate 

floating bodies interacting with water waves. They used quadratic boundary 

element method (QBEM) to solve the velocity field and acceleration field taking 

into account the interaction between the fluid and the floating body motions. Hur 

and Mizutani (2003) have developed a numerical model, which combine the VOF 

model and porous body model, to estimate the wave forces acting on a three-

dimensional body on a submerged breakwater. They examined wave induced 

deformation on the permeable submerged structure making use of the porous body 

model (Sakakiyama and Kajima, 1992) to express the governing equations of fluid 

motion. Rahman (2005) developed a two-dimensional numerical model 

combining the SOLA-VOF model and porous body model, to estimate the wave 

forces acting on a pontoon type submerged floating breakwater. 

 

1.4 Study Objectives  

 

In this research work the interaction between waves and rectangular submerged 

breakwater has been investigated. To predict the interaction, a two-dimensional 
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numerical model based on the SOLA-VOF method is proposed here. Also a two-

dimensional laboratory experiment has been carried out to investigate the 

performance of submerged breakwater in wave breaking as well as in dissipating 

the wave energy in terms of reduction of wave height. 

 
The specific objectives of this study are: 

 
(i) To conduct experimental investigation of wave interaction with submerged 

breakwater. 

(ii) To adapt a two-dimensional numerical model using the Volume Of Fluid 

(VOF) technique to simulate interaction (wave breaking, deformation, 

energy dissipation etc) between wave and submerged breakwater.  

(iii) To verify the performance of the developed numerical model by comparing 

the model simulated water surface profiles with the experimentally measured 

data. 

 

1.5 Study Scope and Contents 

 

The interaction between a rectangular shaped fixed type submerged breakwater 

and waves is studied in this thesis. Both the numerical and experimental studies 

are carried out in a two-dimensional field. The numerical studies evaluate water 

surface profiles along the channel length, distribution of water particle velocity 

field, the value of VOF function F and pressure around the breakwater, etc. 

Laboratory experiments are carried out in a two-dimensional wave tank with 

different wave conditions and different submergence ratios of the breakwater. All 

the theories, analyses, numerical estimations, experimental investigations are 

presented in the following chapters. 

 

 In Chapter 2, the details of the numerical model are discussed. The key 

developments of VOF type numerical models are summarized here. Then the 

modified governing equations and boundary conditions used in the model are 

described. The elaborated discussions of the computational procedures in 
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numerical model are also given in this chapter. Then the numerical stability 

considerations are presented in chapter 2. The detail of Volumes of Fluid method 

(VOF) in the developed model are described then. The computational procedures 

using SOLution Algorithm (SOLA) scheme are also presented. Finally the donor-

acceptor flux approximation used for improved free water surface shaping are 

described.  

 

In Chapter 3, the details of the laboratory experiment are described. Two 

experimental investigations are carried out. Experiments were carried out with 

three different submergence ratios of the breakwater and five different wave 

conditions. The details of the experimental setup, submerged body model, 

experimental conditions, instrumentation and data acquisition system etc are 

presented in this chapter. The effect of breakwater height and breakwater length 

on wave height reduction in a given still water depth are investigated. Based on 

experimentally measured data water surface profiles along the channel length are 

developed .The wave breaking types and breaking positions are also investigated 

from the photographs and video clips taken during the laboratory experiments. 

 

The numerical analyses of fixed submerged body under wave action are presented 

in Chapter 4. At first the verification of the numerical model based on SOLA-

VOF scheme are done using the waves generated according to Stokes 3rd order 

wave theory. The numerical analyses are done for rectangular fixed submerged 

breakwater of varying heights under different wave conditions. The detail results 

of the numerical analyses of both wave breaking and non-breaking conditions are 

presented here. Time series water surface profiles, distribution of water particle 

velocity, VOF function F and pressure around fixed submerged breakwater of 

different heights are analyzed under different wave conditions. The comparisons 

between numerically simulated results with the experimentally measured data are 

also presented in this chapter. 

 

Finally, an overview of the main conclusions of this study and recommendations 

for further study are presented in Chapter 5.    
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CHAPTER 2: LABORATORY EXPERIMENT 
 

2.1         Introduction 

 

To investigate the performance of proposed rectangular type submerged 

breakwater, experimental studies are carried out in a two-dimensional wave flume 

at the Hydraulics and River Engineering Laboratory of Bangladesh University of 

Engineering and Technology. A set of experiments are carried out with fixed 

submerged breakwaters of different heights for different wave periods in the same 

wave flume. All about the experiments are presented in the following sections. 

 

2.2        Wave-structure interaction and wave breaking criteria 

 

The waves approaching the shoreline break due to small depths. Because of the 

breaking process wave energy is dissipated, which energy is converted mainly into 

turbulence. The wave action causes an increase in the mean water level in the 

breaker one which is defines as wave set-up. Part of the wave will proceed up the 

beach, where it rushes up and back along the slope, usually referred to as run-up 

or run-down. The important wave characteristics are: 

• Wave height, H: vertical distance from the top of the crest to the bottom 

of the trough. 

• Wave length, L: horizontal distance between two successive crests. 

• Wave period, T: time between two successive crests to pass a certain 

point. 

 

Usually, the most concentrated change that occurs to waves as they propagate 

forward takes place when they interact with a variety of structures, including 

beaches. When wave arrive at a structure, be floating or fixed, they will undergo 

some degree of reflection and dissipation. Moored floating structures allow a 

significant portion of the transmitted wave energy to directly pass the structure, 

but a component of the transmitted energy is produced by wave regeneration by 
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the moving structures. Wave run-up and overtopping of stone-mound breakwaters 

will cause wave transmission and regeneration of waves on the lee side and 

energy may be transmitted through the structure if it is sufficiently permeable. 

Wave transmission is accomplished by direct transmission of waves over the 

submerged solid stone mound structures. There is a decrease in the transmitted 

energy owing to reflection and dissipation of some of the incident wave energy.  

 

A breaking wave is one whose base can no longer support its top, causing it to 

collapse. A wave breaks when it runs into shallow water, or two wave systems 

oppose or combine forces. When the slope, or steepness ratio of a wave is too 

great, breaking is inevitable. Usually an oncoming wave breaks due to any of the 

following reasons. 

• Individual waves in deep water break when the wave steepness H/L0 (H= 

wave height, L0 = wave length) exceeds about 0.17, so for wave height, H> 

0.17L. 

• In shallow water, with the water depth small compared to the wavelength, 

the individual waves break when their wave height, H is larger than 0.8 

times the water depth, h. That is for H>0.8h. 

• Waves can also break if the wind grows strong enough to blow the crest 

off the base of the wave. 

 

A wave can dissipate its energy in a very short time or gradually. Battjes (1974) 

shown that the breaker type is closely related to the offshore similarity parameter: 

ξ 0 = tanα/ (H0/ L0)0.5   

where,  

H0 = deep water wave height, 

L0 = deep water wave length 

tanα = beach slope 

The breaker type can be distinguished based on the value of ξ 0 as follows: 

ξ 0 < 0.5         : spilling 

0.5 < ξ 0 < 3  :  plunging 

ξ 0 > 3           :  surging or collapsing 
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Breaker index is another parameter which is defined as γb= Hb/ db 

where,  

Hb= breaking wave height 

db= depth at the point of wave breaking 

 

2.3      Experimental setup   

 

2.3.1 The two-dimensional wave flume 

 

The wave flume is 21.3 meters long, 0.76 meter wide and 0.74 meter deep. The 

bottom of the wave flume is made of steel, whereas both of its sides are made of 

glass. In the wave flume artificial regular waves are generated by wave generator. 

To damp the transmitted wave a wave absorber is installed at the end of the flume. 

The two-dimensional wave flume is shown in Fig. 2.1. 

 

 

 

 

 

 

 

 

 

 

 

2.3.2 The wave generator 

 

The wave generator generates artificial regular waves of controlled wave period 

(T). The frequency of the wave paddle is set to the desired wave period (T) from a 

developed relationship between 4π2h/(gT2) and (e+f)/f , where ‘h’ is the still water 

depth and ‘g’ is the gravitational acceleration. For this particular wave generator, 

‘e’ and ‘f’ are the horizontal movement of the wave paddle at still water level and 

Fig. 2.1 : Wave flume 
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at the bed of the flume respectively (Fig. 2.2 (a)). The wave generator is placed  at 

one side of the wave flume which is also 800 cm in front of the rectangular fixed 

submerged breakwater. Fig. 2.2 shows some photo views of wave generator.  

                                
 

 

 

 

 

 

 

 

 

 

After setting the frequency of the wave paddle of the wave generator, it is seen 

that the wave generator can generate waves with wave periods deviating very 

negligible amount (maximum ± 0.1%) from the desired wave period, which 

results slight difference in experimentally generated wavelength than that of actual 

one. 

 

e 

Still water depth, h

f
Fig. 2.2a: Wave generator

Fig.2.2b: Photo views of wave generator 

2.3.3 The submerged breakwater 

 

A rectangular shaped fixed type submerged body is installed at the bottom of the 

flume. The submerged body is made by compacted sand. The top surface of the 

sand body is made impermeable by plastering with a mixture of cement and sand 
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in a ratio of 4:1 with appropriate amount of water. Two wooden plates (1.5 cm 

thick) are attached to the front and rear surfaces of the body. All the sides of this 

composite submerged body are tightly sealed with the flume to ensure full 

restriction to the water movement through the body.  The dimensional and photo 

views of the submerged body are shown in Fig. 2.3.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The width of breakwater along the wave direction is 100 cm and the length of 

breakwater is kept constant at 76 cm which is same as the width of the wave 

flume. 30 cm, 35 cm and 40 cm high breakwaters are used.  

 

Basis of breakwater size selection: 

 

Dick, T.M. and Brebner, A. (1968) proved in their study on solid and permeable 

submerged breakwaters that for optimum reduction in transmitted wave height, 

breakwater width B should be as large as possible in fact up to 2 wavelengths. 

76 cm 

hs =30 cm,  
35 cm, 40cm 

B= 100 cm

Wave 

Fig.2.3a: Dimensional view of submerged breakwater 

Fig.2.3b: Photo views of submerged breakwater 
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This is unlikely to be an economical proposition, so that some narrower 

breakwater with greater height was investigated later. Kawasaki, K., Iwata, K. 

(2001) investigated the breaking limit, the breaker type and the breaking point due 

to various submerged trapezoidal breakwaters. In their study, they found for 

relative structure height hs/h =0.8, usually the waves break when the relative 

breakwater width B/L is in the range of 0.2 to 0.4. 

 
In this study, the laboratory experiments are conducted for five different wave 

periods ranging from T= 1.5 sec to 2.0 sec and corresponding wavelengths of 250 

cm to 400 cm to investigate the interaction of waves with submerged body of 

different relative structure heights of 0.6, 0.7 and 0.8 by installing breakwater 

heights of 30 cm, 35 cm and 40 cm in 50 cm depth of water. For optimum 

reduction in transmitted wave height, the breakwater width along the wave 

direction was selected as 100 cm so that the relative structure width B/L ranges 

from 0.25 to 0.4. Breakwater lengths are usually selected so that they can cover 

the protection required length of the coastline. In this two-dimensional study, the 

breakwater length is selected as 76 cm which covers the full width of the two-

dimensional wave flume. 

 
2.3.4 The wave absorber 

 
To damp the transmitted wave after passing the breakwater a wave absorber is 

installed at the end of the wave flume. It is a sloped surface (3.3H : 1V) made of 

wood. Its total horizontal length is 245 cm. The wave absorber dissipates the 
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Fig. 2.4: Photo views of wave absorber 

 



energy of the transmitted wave at the end of the flume to reduce the generation of 

reflecting wave. Fig. 2.4 shows the photo views of wave absorber. 

 
2.3.5 Experimental setup 

 
In 21.3 m long wave flume the wave generator is placed 190 cm downstream from 

the starting of the flume. The fixed submerged breakwater is installed at a distance 

of 800 cm from the wave generator. Six different positions are chosen for data 

collection. Three locations are in front of the fixed submerged breakwater to 

investigate the incident wave properties. The fourth position of data collection is 

set over the breakwater. Then the last two positions are chosen behind the 

breakwater to observe the effect of breakwater installation in reduction of wave 

height. The first position of data collection is at 400 cm in front of the breakwater. 

The other positions are at equidistance of 100 cm from each other.  Then finally at 

the end of the flume a wave absorber of 245 cm length is installed. The detail of 

experimental setup is shown in Fig 2.5. 
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Fig.2.5:  Detail of the experimental setup 

 
 



2.4        Data acquisition 

 
2.4.1 Laboratory experimental run conditions  

 
A set of experiments are conducted by installing rectangular fixed submerged of  

three different relative structure heights as hs /h= 0.6, 0.7 and 0.8 in still water 

depth of 50 cm. Five runs are conducted for five different regular waves with 

submerged breakwater of a particular height  i.e. 30 cm, 35 cm and 40 cm . Five 

regular waves of wave periods 1.5 sec, 1.6 sec, 1.7 sec, 1.8 sec and 2.0 sec are 

generated by setting the frequency of the wave paddle of the wave generator. The 

detail of the experimental run conditions are given in table 2.1. 

 

Table 2.1: Experimental Run Conditions 

Incident Wave Property Breakwater Property Run 

No. 

Still 

water 

depth, 

h cm 

Wave 

Period, 

Ti  sec 

Wave 

Height, 

Hi  cm 

Wave 

Length, 

Li  cm 

Break-

water 

width, 

B cm 

Break-

water 

Length, 

L cm 

Break-

water 

Height, 

hs cm 

Relative 

Structure 

Height,  

hs /h 

1 50 1.5 10 282 100 76 30 0.6 

2 50 1.6 12 307 100 76 30 0.6 

3 50 1.7 13 332 100 76 30 0.6 

4 50 1.8 14 357 100 76 30 0.6 

5 50 2.0 15 406 100 76 30 0.6 

6 50 1.5 10 282 100 76 35 0.7 

7 50 1.6 12 307 100 76 35 0.7 

8 50 1.7 13 332 100 76 35 0.7 

9 50 1.8 14 357 100 76 35 0.7 

10 50 2.0 15 406 100 76 35 0.7 

11 50 1.5 10 282 100 76 40 0.8 

12 50 1.6 12 307 100 76 40 0.8 

13 50 1.7 13 332 100 76 40 0.8 

14 50 1.8 14 357 100 76 40 0.8 

15 50 2.0 15 406 100 76 40 0.8 
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2.4.2 Data collection 

 

To understand the interaction between the wave and the fixed submerged 

breakwater, data of water elevation has been collected. Data of water surface has 

been collected manually by providing a vertical scale on the flume side made of 

glass (Fig. 2.6(a)). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Six different locations both in front of and behind the breakwater were selected for 

data collection. Among these six positions three are in front of the breakwater, one 

is over the breakwater and the last two positions are behind the breakwater. These 

positions are chosen in such a way to understand the effect of installing submerged 

breakwater in reducing wave height. At each position data of water surface have 

been collected for one minute duration at five seconds interval. 

 

 To draw the water surface profile at any particular time, it is necessary to start the 

collection of data at each position simultaneously. This is done by starting the data 

acquisition at every position when the incident wave reaches the crest. Also the 

breaking position of wave in each run is measured.  

 

Fig. 2.6 (a): Data collection 
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Still photographs and video recordings are taken during each run. Some 

photographs taken during the experimental runs are given in Fig. 2.6(b) to Fig. 

2.6(f). These are categorized as three different types as the incident waves 

approaching the breakwater; the breaking of waves over the middle of the 

breakwater, at the onshore end of the breakwater and just behind the breakwater; 

and the transmitted wave after passing the breakwater. 

 

 
 

 

 

Wave 
Wave 

 

Wa

 

Fig. 2.6 (b): Wave approaching the breakwater
ve 
Wave 

 
Fig. 2.6 (c): Wave breaking near the middle of the breakwater
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Fig. 2.6 (d): Wave breaking at the onshore end of the breakwater
 

Wave 
Wave 

Fig. 2.6 (e): Wave breaking just behind the breakwater 

Wave 

Wave

 
Fig. 2.6 (f): Transmitted wave after passing the breakwater
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2.5 Experimental results 

 

2.5.1 Effect of relative structure height on wave height reduction 

 

In Fig. 2.7 the effect of relative structure height, hs /h (hs is the height of 

breakwater and h is the still water depth) on wave height reduction, Hb/Hi (Hb is 

the wave breaking height and Hi is the incident wave height) is shown for five 

different wave periods. From this figure it is clear that as the relative structure 

height, hs /h increases, the breaking wave height, Hb decreases more with respect 

to the incident wave height, Hi for any particular wave period.  

 

 

 

 

 

 

 

 

 

 

 

 

 

For wave period T=2 sec, wave height after breaking reduce 35% when hs /h=0.6. 

For hs /h=0.7 and 0.8 the wave height reduction occurs up to 35% and 40% 

respectively. Again for a particular ratio of hs /h, the reduction of wave height due 

to breaking occurs more for lower wave periods than for the higher wave periods 

among the five different waves of wave periods 1.5 sec, 1.6 sec, 1.7 sec, 1.8 sec 

and 2 sec. When hs /h=0.8, the wave height reduce 40% and 65% for T= 2.0 sec 

and 1.5 sec respectively. For hs /h=0.6 and 0.7, the variation of wave height 

reduction follow the similar trend.  
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Fig. 2.7 : Effect of relative structure height on wave height reduction 
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2.5.2 Effect of  relative structure width on wave height reduction  

 

Fig. 2.8 shows the effect of relative structure width, B/L (B is the width of 

breakwater along the wave direction and L is the wavelength) on wave height 

reduction, Hb/Hi (Hb is the wave breaking height and Hi is the incident wave 

height) for three different relative structure heights of hs /h=0.6, 0.7 and 0.8. For a 

particular relative structure height, it is seen that as B/L increases, the reduction of 

wave height due to breaking occurs more.  

 

 

 

 

 

 

 

 

 

 

 

 

For hs /h =0.6 and B/L= 0.25, reduction of wave height due to breaking is 30%, 

whereas for the same breakwater wave height reduction becomes 50% as the 

relative structure width ,B/L becomes 0.4. The scenario is similar for hs /h= 0.7 

and 0.8.Again for any value of B/L, the breaking wave height, Hb decreases more 

with respect to the incident wave height, Hi for higher value of   hs /h.   
 

When the ratio of relative structure width, B/L is 0.2, wave height is reduced to 

32%, 27% and 22% for hs /h= 0.6, 0.7 and 0.8 respectively. For any ratio of B/L 

the trend is almost similar. But as discussed previously, as breakwater width 

increases, the reduction of wave height occurs more for any value of hs /h.  

 

 

Fig. 2.8: Effect of relative structure width on wave height reduction 

0
0.1
0.2

0.3
0.4
0.5
0.6

0.7
0.8
0.9

0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4

Breakwater width/Wavelength ratio, B/L

Re
du

ct
io

n 
of

 w
av

e 
he

ig
ht

, H
b 

/ H
i

hs /h=0.6 hs /h=0.7 hs /h=0.8

Relative Structure Width, B/L

R
el

at
iv

e 
B

re
ak

in
g 

W
av

e 
H

ei
gh

t, 
H

b/H
i

0
0.1
0.2

0.3
0.4
0.5
0.6

0.7
0.8
0.9

0.2 0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38 0.4

Breakwater width/Wavelength ratio, B/L

Re
du

ct
io

n 
of

 w
av

e 
he

ig
ht

, H
b 

/ H
i

hs /h=0.6 hs /h=0.7 hs /h=0.8

Relative Structure Width, B/L

R
el

at
iv

e 
B

re
ak

in
g 

W
av

e 
H

ei
gh

t, 
H

b/H
i

 
 

30



2.5.3 Effect of wave steepness on wave height reduction  

 

Fig. 2.9 shows the effect of wave steepness, Hi /Li on wave height reduction, Hb/Hi 

for different relative structure heights. As the wave becomes steeper, the breaking 

wave height, Hb becomes greater i.e. for steeper waves the reduction of wave 

height due to breaking decreases. This trend remains same for different relative 

structure heights. Here also for any wave steepness, the reduction of wave height 

due to breaking occurs more for higher relative structure heights. 

 

 

 

 

 

 

 

 

 

 

 

 

 

For wave steepness 0.0355, the wave height reduces by 45%, 50% and 60% for 

the ratio of hs /h= 0.6, 0.7 and 0.8 respectively. For wave steepness 0.039, the 

reduction of wave height is 40%, 45% and 55% as hs /h  becomes 0.6, 0.7 and 0.8 

respectively.  
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Fig. 2.9: Effect of wave steepness on wave height reduction 

2.5.4 Water surface profile 

 

Fig. 2.10 shows the variation of water surface with time. The high energy of 

incident wave is reduced drastically because of installing breakwater. This is 

evident in all the figures from 2.10 (i) to 2.10 (xv) as the incident wave height 

reduces after passing the breakwater. 
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Among the three different ratios of hs /h for which the experiments are conducted, 

maximum reduction of wave height occurs for maximum value of hs /h for the 

same wave period i.e. for ratio of hs /h =0.8. When hs /h becomes 0.8 by installing 

fixed submerged breakwater of 40 cm height, the incident wave height of 10 cm 

for T=1.5 sec reduces to 4 cm after breaking over the breakwater. With fixed 

submerged breakwater of 35 cm height in 50 cm still water depth as the ratio of 

hs/h becomes 0.7 for the same wave period, incident wave height 10 cm is reduced 

to 5 cm. Installation of  30 cm breakwater in  the same depth of still water 

(hs/h=0.6) reduce 10 cm incident wave height to 6 cm. Thus for T=1.5 sec, 

breakwater having hs/h=0.6 reduces 40% of incident wave height, whereas 

breakwater having hs /h=0.7 and 0.8 decreases incident wave height up to 50% and 

60% respectively.  

 

For T= 1.6 sec, 30 cm breakwater covering 60% of still water depth as hs /h=0.6 

reduce 39% of incident wave height, whereas 35 cm breakwater with hs /h=0.7 

decrease incident wave height up to 45% and maximum reduction of wave height 

(59%) is caused by 40 cm breakwater having  hs /h=0.8 for the same wave period.  

 

For T= 1.7 sec, maximum reduction of wave height is up to 60% which is caused 

by breakwater of 40 cm height (hs /h=0.8). For the same wave period, 35 cm high 

breakwater having hs /h=0.7 decreases incident wave height up to 45%, whereas 

30 cm high breakwater reduces 37% of incident wave height. So for T= 1.7 sec, 

40 cm high breakwater is most effective in reduction of wave height among the 

breakwaters of three different heights in 50 cm deep water. 

 

For T= 1.8 sec, breakwater covering 60% of still water depth as  hs /h=0.6 reduce 

35% of incident wave height and breakwater having hs /h=0.7 decrease incident 

wave height up to 43%. But for this wave period the maximum reduction (58%) of 

wave height is caused by breaking of incident wave over 40 cm breakwater. 
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Fig.2.10( i): Water surface profile for T= 1.5 sec, Hi= 10cm, hs /h=0.6 
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 Fig.2.10( ii): Water surface profile for T= 1.5 sec, Hi= 10cm, hs /h=0.
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Fig.2.10( iii): Water surface profile for T= 1.5 sec, Hi= 10cm, hs /h=0.
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Fig.2.10 (iv): Water surface profile for T= 1.6 sec, Hi= 12cm, hs /h=0.6 
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Fig.2.10 (v): Water surface profile for T= 1.6 sec, Hi= 12cm, hs /h=0.7
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Fig.2.10( vii): Water surface profile for T= 1.7 sec, Hi= 13cm, hs /h=0.6
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Fig.2.10( viii): Water surface profile for T= 1.7 sec, Hi= 13cm, hs /h=0.7
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Fig.2.10( ix): Water surface profile for T= 1.7 sec, Hi= 13cm, hs /h=0.8
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Fig.2.10( x): Water surface profile for T= 1.8 sec, Hi= 14cm, hs /h=0.6 
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Fig.2.10 (xi): Water surface profile for T= 1.8 sec, Hi= 14cm, hs /h=0.7 
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Fig.2.10(x iii): Water surface profile for T= 2.0 sec, Hi= 15cm, hs /h=0.6 

Fig.2.10 (xiv): Water surface profile for T= 2.0 sec, Hi= 15cm, hs /h=0.7
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Fig.2.10 (xv): Water surface profile for T= 2.0 sec, Hi= 15cm, hs /h=0.8 
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For T= 2 sec, again the 40 cm breakwater causes the maximum reduction of 

incident wave height as 55%, whereas 35 cm breakwater can reduce 45% and 30 

cm breakwater causes 35% reduction of incident wave height when installed in a 

still water depth of 50 cm. 

 

So it is clear from Fig. 2.10 that for any wave periods among 1.5 sec, 1.6 sec, 1.7 

sec, 1.8 sec and 2 sec, maximum reduction of incident wave height is caused by 

wave breaking over or behind 40 cm breakwater in a still water depth of 50 cm i.e. 

when the ratio of hs /h=0.8, installation of rectangular fixed submerged breakwater 

shows maximum efficiency by reducing incident wave height about 60%. At the 

same depth of water for the same wave period, 35 cm breakwater and 30 cm 

breakwater can decrease the incident wave height up to 45% and 40% 

respectively.  

 

2.5.5 Position of wave breaking over or behind the breakwater  

 

Fig. 2.11 shows the position of wave breaking over or behind the breakwater for 

three different heights in same still water depth. For breakwater height hs = 30 cm, 

35 cm and 40 cm, the breaking positions are seen just behind, at the onshore and at 

the middle position over the breakwater respectively.   For a particular height of 

breakwater, as the wave height increases, the breaking position comes toward the 

offshore side. For setting breakwater of  hs /h=0.6 in 50 cm depth of water, the 

variation of wave breaking positions are within 20 cm behind the breakwater for 

T=1.5 sec, 1.6 sec, 1.7 sec, 1.8 sec and 2 sec respectively. For the same wave 

periods, breakwater having hs /h= 0.7 and 0.8 wave breaks with  25 cm  and 15 cm 

variation in length over the breakwater respectively. 

 

Again when the breakwater height increases in the same depth of water, the waves 

tend to break more quickly than that for lower height of breakwater. Hence for the 

same wave, the wave breaking position comes closer to the breakwater for higher 

ratio of hs /h. 
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Fig. 2.11: Position of wave breaking over or behind the breakwater 
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2.5.6 Variation of η/Hi  with t/T 

 

Variation of water surface (η) with time (t) is shown in the non-dimensional form 

as variation of η/Hi with t/T in Fig. 2.12. In Fig. 2.12(i). for wave period 1.5 sec, 

the incident wave height 10 cm is reduced after breaking due to breakwater 

installation. When the breakwater height is 60% of the still water depth, the 

incident wave height is 40% reduced. For installation of breakwater with 70% 

submergence of the still water, the wave height due to breaking is reduced to 50% 

of the incident wave height. When the breakwater submerges 80% of the still 

water depth, 60% wave height is reduced due to wave breaking. 

 

In Fig. 2.12(ii), for wave period of 1.6 sec, the maximum reduction of incident 

wave height is 59% for 40 cm breakwater. For 35 cm breakwater, the reduction of 

incident wave height is 55% and for 30 cm breakwater it is up to 39%. 

 

In Fig. 2.12(iii), for T=1.7 sec, 40 cm breakwater reduces incident wave height 

upto  60%, whereas 35 cm breakwater reduces wave height upto 45% and 30 cm 

breakwater causes 37% reduction of incident wave height.  

 

In Fig. 2.12(iv), for wave period 1.8 sec, reduction of incident wave height is 58% 

for breaking by 40 cm breakwater, by 35 cm breakwater it is 43% and by 30 cm 

breakwater the reduction is 35%.  

 

Again in Fig. 2.12(v) it is seen that for wave period of 2 sec, reduction of incident 

wave height because of breaking by 40 cm breakwater is 55%, by 35 cm 

breakwater it is 45% and by 30 cm breakwater reduction of incident wave height 

occurs upto 35%.  So here again installation of 40 cm breakwater in 50 cm still 

water depth is seen as most effective(maximum 60% reduction) for reduction of 

incident wave height  followed by providing 35 cm breakwater (maximum 45% 

reduction) and 30 cm breakwater (maximum 35% reduction) in the same still 

water depth of 50 cm.  
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Fig.2.12 (i): Variation of η/Hi  with t/T for T= 1.5 sec, Hi= 10cm 
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Fig.2.12(iii): Variation of η/Hi  with t/T for T= 1.7 sec, Hi= 13cm 
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Fig.2.12 (v): Variation of η/Hi  with t/T for T= 2.0 sec, Hi= 15cm 

 

2.5.7 Variation of η/Hi  with x/L  

 

The curves of Fig. 2.13 show the variation of water surface/ incident wave height 

(η/Hi) with respect to distance from breakwater/ wave length (x/L). These 
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represent the non-dimensional water surface profiles for installing breakwater of 

three different heights of 30cm, 35cm and 40 cm in a still water depth of 50 cm at 

five different wave periods of 1.5sec, 1.6sec, 1.7sec, 1.8sec and 2.0 sec 

respectively . 
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Fig. 2.13(ii): Variation of η/Hi  with x/L for T= 1.5 sec, Hi= 10cm, hs /h=0.7 
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Fig. 2.13 (iii): Variation of η/Hi  with x/L for T= 1.5 sec, Hi= 10cm, hs /h=0.8 
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Fig. 2.13 (iv): Variation of η/Hi  with x/L for T= 1.6 sec, Hi= 12cm, hs /h=0.6
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Fig. 2.13 (v): Variation of η/Hi  with x/L for T= 1.6 sec, Hi= 12cm, hs /h=0.7 
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Fig.2.13 (vi): Variation of η/Hi  with x/L for T= 1.6 sec, Hi= 12cm, hs /h=0.8
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Fig.2.13(vii): Variation of η/Hi  with x/L for T= 1.7 sec, Hi= 13cm, hs /h=0.6
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Fig.2.13(viii): Variation of η/Hi  with x/L for T= 1.7 sec, Hi= 13cm, hs /h=0.7 
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Fig. 2.13(x): Variation of/Hi  with x/L for T= 1.8 sec, Hi= 14cm, hs /h=0.6
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Fig. 2.13(xi): Variation of η/Hi  with x/L for T= 1.8 sec, Hi= 14cm, , hs /h=0.7
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Fig. 2.13(xii): Variation of η/Hi  with x/L for T= 1.8 sec, Hi= 14cm, , hs /h=0.8
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Fig. 2.13 (xiii): Variation of η/Hi  with x/L for T= 2.0 sec, Hi= 15cm, hs /h=0.6 
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Fig. 2.13 (xiv): Variation of η/Hi  with x/L for T= 2.0 sec, Hi= 15cm, hs /h=0.7 
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Fig. 2.13 (xv): Variation of η/Hi  with x/L for T= 2.0 sec, Hi= 15cm, hs /h=0.8
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2.5.8 Wave breaking type 

 

Breaking waves are classified into four different types as spilling, plunging, 

collapsing and surging based on the physical changes of surface profile during the 

breaking process. For given water depth and wave period, a wave breaks when the 

wave height grows to reach a certain limiting height. In these experimental runs 

fixed submerged body of rectangular shape are used as breaker. The incident 

waves of  wave period ranging from 1.5 sec to 2.0 sec break in different patterns 

as they are  passing over the breakwaters of  depth 30 cm, 35 cm and 40 cm 

creating 60%, 70% and 80% submergence in 50 cm depth of water.   

 

 

 

 

 

 

 

 

 

 

Spilling appears as the wave is plowing the foam with its movement. In this case 

turbulence and foam first appear at the wave crest and spread down the front face 

as the wave propagates forward. In this study, spilling type breaking occurs as the 

incident waves are passing over the breakwater of 70% submergence for five 

different waves of wave periods 1.5 sec, 1.6 sec, 1.7 sec, 1.8 sec and 2 sec. 

 
 
In plunging type wave breaking, the wave crest sharpens and then curls forward 

over the front face to plunge at the base of the front face of the wave. In this study 

plunging wave breaking occurs rarely only when the incident wave is passing over 

the breakwater of 30 cm height in 50 cm still water depth for wave periods of 1.5 

sec and 1.7 sec only. 

Fig. 2.14 (i): Spilling type wave breaking
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Fig. 2.14 (ii): Plunging  type wave breaking 

 

As the front face of the wave steepens at incipient wave breaking, the lower 

portion of the face plunges forward and the wave collapses. Collapsing type wave 

breakings of incident waves are common in this study when the waves are passing 

over the breakwater of , hs /h =0.8 for five different wave periods of 1.5 sec, 1.6 

sec, 1.7 sec, 1.8 sec and  2.0 sec. Again as the waves of wave period 1.8 sec to 2.0 

sec move over the breakwater of 35 cm height, they also collapse. 

 

 

 

 

 

 

 

 

 

 

 

The crest and front face of the wave retain a fairly stable shape as they surge up 

the beach slope and return. Usually the waves surge in a beach of large slope. In 

this study, all the experiments are done on horizontal bed and no surging has been 

observed.  

Fig. 2.14 (iii): Collapsing type wave breaking
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CHAPTER 3:  NUMERICAL MODEL BASED ON 
SOLA-VOF 

 
 
3.1 Introduction  

 
Accurate prediction and evaluation of the interaction between waves and the 

submerged breakwater are important for multi-purpose utilization of coastal areas 

and design of coastal structures. The Volume of Fluid (VOF) method has become 

powerful numerical computation technique for evaluating the free surface due to 

wave-structure interaction. The developed numerical model outputs water surface 

profile, velocity distribution, pressure distribution along both axes of two-

dimensional grid and also the value of fraction of volume occupied by fluid at any 

time. In this chapter, the developments of VOF type numerical models are 

discussed in section 3.2, the governing equations and boundary conditions of two-

dimensional moored floating body-wave interaction model by Ataur (2005) are 

given in section 3.3, the governing equations, computational procedures and 

boundary conditions for adapting the model with VOF method are described in 

section 3.4 and then finally SOLA-VOF scheme for modeling of submerged body 

against wave action is described in section 3.5. A typical numerical model run is 

described in section 3.6. 
 

3.2  Development of VOF type numerical model 

 
This section summarizes the key developments of the VOF type models, and 

relates the progress in the field of coastal engineering. Fig. 3.1 shows the ‘family 

tree’ of VOF type models. The thick solid line connects the evolution stages of the 

original VOF models by the inventors of the VOF technique. The branches 

identify the major models developed mainly for coastal engineering applications. 

The MAC method (Welch et al., 1966) was developed for the solution of viscous, 

incompressible and transient fluid flow problems involving free surfaces. This 

method used for the first time velocity and pressure directly as the dependent 

variables. The fluid configuration is defined using a set of marker particles 
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moving with the fluid. These massless particles are used to determine the status of 

the computational cells as "full", "empty" or "surface", but do not influence the 

 

MAC 
Welch et al. 1966 

SOLA-VOF 
Nicols and Hirt, 1980 

Fig. 3.1: Overview of key developments of VOF type numerical models with special 
emphasis on the progress in the field of Coastal Engineering.  

2DHYDROTUR 
Lemos, 1992 

Austin and Schlueter, 
1982 

Wu, 1994 SAVOF 
NLR, 1992 

Iwata et al., 1996 

VOFbreak2 

Troch, 1997 

Chopra and Greated, 
1995 

NEWMOTICS 
Sabeur et al., 1996 

NASA-VOF2D 
Torrey, Hirt et al., 1985 

FLOW-3D 
Hirt, 1985  

2DHYDROTUR 
Lemos, 1996 

RIPPLE, TELLURIDE 
Kothae et al., 1991, 1997 

SKYLLA 
Van Gent et al., 1994 
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dynamics of the fluid flow. It was the first method to successfully treat problems 

involving complicated free surface motions. However, an accurate approximation 

of the free surface required a huge number of marker particles, and is 

computationally inefficient. Also, the numerical scheme was prone to instability. 

Several researchers subsequently improved the original MAC method. The 

SOLA-VOF algorithm is a highly optimized variant of the MAC method, in which 

the free surfaces are treated by means of a single mesh-wide array. The continuity 

equation is satisfied using a pressure–velocity relaxation that is particularly simple 

to program in a staggered mesh. This method has been applied in the SOLA-VOF 

model (Hirt and Nichols, 1981). The main advantages are that the pressure 

solution does not require pressure boundary conditions, and that the SOLA-VOF 

model allows a more efficient tracking of the free surface. It is based on the 

concept of a fractional VOF for tracking free surface boundaries using the donor–

acceptor approximation algorithm. The treatment of the free surface configuration 

using a single function F is computationally very efficient. This general-purpose 

code has very promising features and is generally acknowledged as the basis for 

all subsequent developments in the VOF-field. 

Its successor code NASA-VOF2D (Torrey et al., 1985) contains several 

improvements. A partial-cell treatment (FAVOR) allows for curved or sloping 

boundaries. Fixes have been made in the donor–acceptor algorithm, and an 

optional conjugate gradient solver is used rather than the original successive over-

relaxation method for solving the pressure equation. Both SOLA-VOF and 

NASA-VOF2D codes have been developed at Los Alamos National Laboratory 

(LANL), NM, USA.  

From 1985 on, Hirt continued developments on the VOF model in the commercial 

CFD code FLOW-3D. It is regarded as a state-of-the-art CFD code for general 

applicability. At LANL, other successor codes have been developed since then: 

RIPPLE (Kothe et al., 1991)  for  2D  and  TELLURIDE  (Kothe et al., 1997)  for  

3D simulations. In RIPPLE and TELLURIDE, a projection method is used to 

solve for the incompressible flow. The pressure Poisson equation is solved via 
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conjugates gradient technique. Particularly, the modeling of surface tension 

problems and the modeling of the filling, cooling and solidification processes of 

castings have been enhanced. These models incorporate the latest advances in 

numerical algorithms and parallel processing.  

 

These VOF codes have been applied in the fields of casting, coating, dynamics of 

drops, ship hydrodynamics, etc. In the field of coastal engineering, VOF-type 

models are not yet very well known or widely used. Nevertheless, during the last 

few years, there has been significant advance towards the implementation of 

numerical "wave flumes" using the VOF concept because of increasing speed and 

storage memory of modern computers that become available. 

 

Austin and Schlueter (1982) presented the first rough application of the SOLA-

VOF model in the field of coastal engineering. The model predicted the flow field 

in a porous amour layer of a breakwater schematized as a rectangular block 

system. Although in a relatively crude form, these calculations were the start of 

the simulation of wave propagation and interaction with structures in coastal 

engineering.  

 

Lemos (1992) incorporated a k−ε turbulence model in a SOLA-VOF based code 

2DHYDROTUR that allowed a limited description of the turbulence field. Lemos 

(1992) also implemented higher order finite difference schemes in a VOF-based 

code for improving stability and accuracy of the numerical solutions. These 

improved schemes were applied to simulations of wave impact on structures, and 

included the computation of the wave impact forces. No wave absorption 

boundaries or open sea boundaries have been implemented.  

 

The SKYLLA model (Van der Meer et al., 1992) presently being developed at 

Delft Hydraulics is based on SAVOF, a stripped version of SOLA-VOF obtained 

from the National Aerospace Laboratory (NLR) in the Netherlands. The first 

computations showed that it is possible to simulate breaking waves on a slope. 

Several extensions have been added since then. The most important are the 
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inclusion of a conjugate gradient solver for the pressure Poisson equation (Van der 

Meer et al., 1992), another algorithm (FLAIR; Ashgriz and Poo, 1991) for the 

calculation of the F flux between adjacent cells and the subsequent free surface 

calculation (Petit and van den Bosch, 1992), simulation of porous flow inside 

permeable coastal structures, implementation of a ‘weakly reflective boundary’ 

(i.e., a Sommerfeld radiation boundary) (Van Gent et al., 1994). The model has 

been validated using both analytical and experimental data (Van Gent, 1995). The 

SKYLLA code is currently one of the most versatile and powerful numerical 

models today for applications in the field of coastal engineering.  

 

Wu (1994) applied a VOF model based on the SOLA-VOF model for the 

simulation of breaking and non-breaking wave kinematics for vertical structures 

with various impermeable foreshore geometries. He simulated the complete 

impact pressure and the resulting loading when entrapped air is neglected. A 

poorly reflecting boundary condition similar to the SKYLLA model has been 

implemented.  

 

Chopra and Greated (1995) used a SOLA-VOF model and that was an 

improvement over VOF model by Wu. It included a basic model for air pocket 

entrapment.  

 

Iwata et al. (1996) used a modified SOLA-VOF model for numerical comparison 

with experimental data from breaking and post-breaking wave deformation due to 

submerged impermeable structures. Waves are generated internally in the 

computational domain using the source generation technique (Brorsen and Larsen, 

1987). Absorption of the waves is done using the Sommerfeld radiation boundary 

condition.  

Sabeur et al. (1996) presented a modified SOLA-VOF model called 

NEWMOTICS. Special attention is paid to improve the free surface boundary 

conditions. At the wave-generating boundary, a weakly reflecting boundary 

condition is used. A conjugate gradient solver is implemented for use in parallel 
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processing. More recent validation of the model is described in Waller et al. 

(1998). The code has been validated using theoretical and experimental data in the 

context of a solitary wave propagating into water of varying depth with 

impermeable bottom.  

Troch (1997) presented the numerical model VOFbreak2 based on the SOLA-VOF 

code. Several modifications are implemented to refine the numerical model for 

wave motion on and in coastal structures. Special attention is paid to applications 

involving rubble mound breakwaters. Wave boundary conditions are added, where 

any wave theory can be applied to provide the surface elevation and the velocity 

components in horizontal and vertical direction. The governing equations are 

extended, to include the simulation of porous flow inside the permeable coastal 

structure, by adding the Forchheimer resistance terms. The numerical model is 

being verified with both physical model data and prototype data. Some selected 

improvements from NASA-VOF2D have been implemented into VOFbreak2, 

such as a numerical defoamer technique, and fixes on the donor–acceptor 

algorithm.  

 

There is no general model presented including most of the physical processes 

involved, but researchers add only selected physical processes for their particular 

applications. It is clear that all codes still are research codes that need very careful 

validation before these become (coastal) engineering tools for daily use in the 

design process. 

 

3.3 Two-dimensional moored-floating body-wave interaction model 

developed by Rahman (2005)  

 

Rahman (2005) developed a two-dimensional numerical model combining the 

SOLA-VOF model and porous body model, to estimate the wave forces acting on 

a pontoon type submerged floating breakwater. As the floating body oscillates due 

to the wave action, the position of the floating body as well as the obstacle cell 

positions always changes. In Fig. 3.2, the treatment of the cells during the 
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oscillation of the floating body due to wave action is shown. Partially obstacle 

cells are obtained due to cutting the fluid or empty or surface cells by the surfaces 

of the floating body. These cells are partially filled by floating body material and 

partially by fluid and /or air. From the concept of porosity of the cell, this kind cell 

is treated by the concept of porous cell.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
:    Partially obstacle cell :     Empty cell  

 :     Obstacle cell  :     Surface cell :     Fluid cell 

 
Fig. 3.2:  Treatment of the cells during the oscillation of the floating body  

 

The governing equations used in the model include added terms of γx, γz and γv. 

Here, γx and γz represent the ratio of the permeable length to the cell length in 

vertical and horizontal directions respectively and γv represents the ratio of the 

permeability volume in a cell. 
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So the continuity equation, Navier Stokes equations and the VOF function 

equation should be modified as below considering the effects of γx, γz and γv: 

 

The modified continuity equation is, 
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(3.2) 

where u and w are the flow velocity of x and z direction respectively, q is the wave 

generation source with q* as the source strength which is only located at Sxx =  

and t is the time. 

 

The modified Navier-Stokes equations are as follows, 
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where, p is the pressure, υ  is the kinematic viscosity, ρ  is the fluid density, g is 

the gravitational acceleration and β is wave dissipation factor which equals 0 

except for the added dissipation zone. The modified advection equation of VOF 

function F is, 
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In case of oscillating floating body, special boundary condition is applied to the 

cells adjacent to the obstacle faces. That is, the water particle velocities at obstacle 
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face cells are set to equal as the velocities of the moving breakwater in respective 

directions of x and z axis. 

 

3.4 Numerical wave model with VOF method 
 
3.4.1 Governing equations 
 
The basic equations used for VOF method are the continuity equation, the Navier-

Stokes equation for incompressible fluid and the advection equation that 

represents the behavior of the free surface. Because the wave generation source is 

placed within the computational domain, these equations involve the wave 

generation source. The continuity equation is, 
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where u and w are the flow velocity of x and z direction respectively, q is the wave 

generation source with q* as the source strength which is only located at Sxx =  

and t is the time. The wave generation source q* is defined as follows so that the 

vertically integrated quantity of q* is equal to that in the non-reflection case 

(Ohyama and Nadaoka, 1991). q* is also gradually intensified for the three wave 

periods (Fig. 3.3) from the start of wave generation in order to guarantee a stable 

regular wave train, as mentioned by Brorsen and Larsen (1987), shown in Eq. 

(3.8).
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(3.8) 

where t is the time from the start of wave generation, Ti is the incident wave 

period, h is the still water depth, and ηs is the water surface elevation at the source 

line (x = xs = 0). ∆xs is the mesh size in the x-direction at x = xs, and is required in 
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order to apply the non-reflective wave generator to the finite difference method. 

U0 and η0 are the time variation of horizontal velocity and water surface based on 

third-order Stokes wave theory, respectively. The coefficient "2" of U0 in the right 

hand side of Eq. (3.8) corresponds to two propagating waves toward both the left 

and right sides of the wave generation source. 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.4

0.8

1.2

f(t/Ti)

t/Ti

f(t/Ti)=1-Exp(-2t/Ti)

Fig. 3.3:  Intensification factor of wave generation source function  q* for t/Ti ≤ 3. 

 

The Navier-Stokes equation, 
2 2
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(3.10)

where p is the pressure, υ  is the kinematic viscosity, ρ  is the fluid density, g is 

the gravitational acceleration and β is the wave dissipation factor which equals 0 

except for the added dissipation zone. 

 

The advection equation of VOF function F is derived by considering conservation 

of mass of the fluid in each cell. The advection equation of VOF function F, 

(3.10)F uF wF Fq
t x z
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+ + =
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                                (3.11) 
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The equations include the added terms different from the well-known continuity 

and Navier-Stokes equations because the wave generation source and the added 

dissipation zone exist within the computational domain. 

 
List of parameters used in the 2-D numerical model based on SOLA-VOF is given 

in Table 3.1: 

Table 3.1: List of parameters 

Symbol Name of the parameter 
Value used in the  

2-D numerical model 

α Numerical stability factor 0.5 

1.03(for added dissipation zone) 
β Wave dissipation factor 

0 (otherwise) 

ζ  Tolerance value for divergence term 1X 10-3

υ Co-efficient of viscosity 0.0101 cm2/sec 

ω Acceleration factor 1.7 rad/ sec2

ρ Fluid density 1 gm/ cm3

g Gravitational acceleration 980 cm/ sec2

 
It should be noted that the effect of surface tension and breaking-wave induced air 

bubbles are ignored in this study on the assumption that they do not have much 

impact on the wave breaking process. Also, a turbulence model should generally 

be incorporated into wave breaking simulations. However, the conventional 

turbulence models have been chiefly developed for unidirectional internal 

turbulent flows, while the breaking wave-induced turbulence is introduced from 

the free surface boundary in an oscillatory flow field. Therefore, it is difficult to 

find a turbulence model that can appropriately reproduce the energy dissipation in 

the wave breaking process and to give proper boundary conditions for it.   

 
3.4.2 Computational procedure 

 
The equations (3.6) to (3.11) are calculated by a finite difference method using a 

staggered mesh. The free surface geometric model of VOF method is shown in 

Fig. 3.4.  
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E = Empty cell, S = Surface cell, F = Fluid cell, OB= Obstacle cell 

Fig. 3.4:  Free surface geometric model of VOF method 

 

On the staggered mesh, the flow velocities u and w are put on the cell boundary, 

and the pressure p, wave generation source q and VOF function F are set on the 

center of each cell as shown in Fig 3.5(a). Here x∆  and ∆ z, in Fig. 3.5(a), are the 

cell lengths in the respective directions of x and z, and each cell is identified by 

sub suffix (i, k). The cell is classified into four types; a full cell filled with fluid, 

an empty cell occupied by air, a surface cell containing both fluid and air and an 

obstacle cell that represents the structure. 

 

 The SOLA scheme is employed to calculate the pressure and flow velocity in 

each time step. And a type of donor-acceptor flux approximation is used to 

calculate the advection of the VOF function F computing the free surface. The 

advections are calculated by velocities of the adjoining cell by using a donor cell 

which transports a fluid and an acceptor cell which receives a advect fluid. The 

physical characteristics of the cell are defined by the values of VOF function F. 

The cell in air, in the surface and in the water are denoted with F=0, 0<F<1, and 

F=1 respectively, Fig. 3.5 (b).  
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(a)  Staggered mesh  

 

To determine accurately the location of the free surface at the next time step, it is 

therefore necessary to know the orientation of the free surface within the surface 

cell. Table 3.2 shows the classified orientation of the free surface. 

 
Table 3.2 Classification of surface cell (i,k) 

RF Contents 

1 Surface normal to the x-axis and full cell at (i-1,k) 

2 Surface normal to the x-axis and full cell at (i+1,k) 

3 Surface normal to the z-axis and full cell at (i,k-1) 

4 Surface normal to the z-axis and full cell at (i,k+1) 

 

As the VOF technique assumes that the free surface is approximated by a straight 

line cutting through the orientation of the free surface within the surface cell is 

determined so as to agree with the direction of the maximum fluid amount among 

the  and  which are calculated from the surrounding 

cells by Eqs. (3.12) and (3.13). 

1,,1,1 ,, −+− kikiki FZFXFX 1, +kiFZ

 
, 1, , 1, (3.11)i k i k i k i kFX F F F− += + +

            

                                                        
, , 1 , , 1 (3.12)i k i k i k i kFZ F F F− += + +

Fig. 3.5:  Staggered mesh and classification of cells 

(3.12)

(3.13)
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The basic procedure for the modified SOLA scheme is as follows: 

 

(i) Explicit scheme of the momentum equations (Eqs. (3.9) and (3.10)) is 

employed to calculate the first approximation of the velocity at the next 

time step using the velocity, pressure and the wave generation source at 

the present time step. The calculated velocities do not satisfy the continuity 

equation in general. 

 

(ii) To satisfy completely the continuity equation Eq.(3.6), the pressure and 

velocities are iteratively adjusted in the cell occupied by the fluid. 

 

Stable numerical results can be obtained by repeating the above mentioned 

procedures under suitable boundary conditions at each time step. It should be 

noticed that the cell which can satisfy the continuity equation by means of the 

modified SOLA scheme is only the full one. The surface cell, however, can satisfy 

the continuity equation by employing the velocity boundary condition. The 

momentum equations are only used to calculate the velocity on the surface of full 

cell. Since the velocity on the interface between surface cells or between the 

surface cell and empty cell can not be calculated with the momentum equations 

only, the boundary conditions are necessary to calculate the velocities. Fig. 3.6 

shows the Flow Chart of the two-dimensional numerical model based on SOLA-

VOF Scheme. 

 

3.4.3   Boundary conditions 

 

3.4.3.1  Free-surface boundary conditions 

 

Boundary conditions for velocity:  

There are two boundary conditions for water particle velocity, that is, (1) a 

boundary condition for the velocity parallel to the free-surface and (2) a boundary 

condition for the velocity normal to the free-surface. 
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Fig. 3.6:  Flow chart of computational procedures 
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In  the  first  boundary  condition,  since  an  adjacent  full  cell  exists  in  the 

direction indicated be the flag RF, the velocity on the surface cell is set equal to 

the velocity on the interface in contact with the adjacent full cell, which can be 

calculated by the governing equations. In the 2nd boundary condition, the velocity 

is determined so that the continuity equation is satisfied in surface cells. Even if a 

surface cell may change to a full cell at the next time step, the full cell is still able 

to satisfy the continuity equation (Fig. 3.7 (a)). 

 

Boundary conditions for pressure:  

As mentioned before, the pressure in the full cell can be calculated by means of 

the SOLA scheme. However, in surface cells, different procedures are required 

because the locations of the pressure points in the staggered mesh generally differ 

from the actual locations on the free surface. Therefore, the linear interpolation or 

extrapolation between the pressure on the free surface (atmospheric pressure) and 

the pressure of the adjacent full cell in the direction indicated by flag RF is used to 

calculate the pressure of the surface cell (Fig. 3.7 (b)).   
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Fig. 3.7(b):  Boundary condition of pressure 
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Fig. 3.7(a):  Boundary condition of velocity 

 

 

 

 

 

 

 66



3.4.3.2 Open boundary condition 

 
An added dissipation zone method (Hinatsu, 1992) is used to treat the open 

boundaries. As shown in Fig. 3.8, the waves are damped by numerical dissipation 

effects due to the coarse grids and the fictitious damping forces based on the 

Stokes damping law. The damping force in the x-direction is not taken into 

account to avoid the velocity damping in the uniform horizontal flow. 

 

  
Fig. 3.8:  Open boundary treatment due to added dissipation zone  

3.4.3.3 Other boundary conditions 

 

Sommerfeld radiation condition Eq.(3.14) is applied for the open boundaries. And, 

non-slip condition is applied on the sea bed. 

0 (3.13)Q QC
t x

∂ ∂
± =

∂ ∂
     

(3.14) 

where Q is the quantity representing the velocities u and w, and so on, and C is the 

wave celerity. The value of water particle velocity tends to 0 at the sea bed 

because of non-slip condition. So the roughness parameter of the sea bed material 

has no influence in this model.   
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3.4.4   Numerical stability considerations 

 

Numerical calculations often have computed quantities that develop large, high 

frequency oscillations in space, time, or both. This behavior is usually referred to 

as a numerical instability, especially if the physical problem being studied is 

known not to have unstable solutions. When the physical problem does have 

unstable solutions and if the calculated results exhibit significant variations over 

distances comparable to a cell width or over times comparable to the time 

increment, the accuracy of the results cannot be relied on. To prevent this type of 

numerical instability or inaccuracy certain restrictions must be observed in 

defining the mesh increments ∆xi and ∆zk, the time increment ∆t, and the upstream 

differencing parameter α. 

 

For accuracy, the mesh increments must be chosen small enough to resolve the 

expected spatial variations in all dependent variables. When this is impossible 

because of limitations imposed by computing time or memory requirements, 

special care must be exercised in interpreting calculation results. For example, in 

computing the flow in a large chamber it is usually impossible to resolve thin 

boundary layers along the confining walls. In many applications, however the 

presence of thin boundary layers is unimportant and free-slip boundary conditions 

can be justified as a good approximation.  

 

Once a mesh has been chosen, the choice of the time increment necessary for 

stability is governed by two restrictions. First, material cannot move through more 

than one cell in one time step because the difference equations assume fluxes only 

adjacent cells. Therefore, the time increment must satisfy the inequality  

, ,

min , (3.14)i k

i k i k

x zt
u w

⎧ ⎫∆ ∆⎪ ⎪∆ < ⎨ ⎬
⎪ ⎪⎩ ⎭

 

(3.15) 

where the minimum is with respect to every cell in the mesh. Typically, ∆t is 

chosen equal to one-fourth to one-third of the minimum cell transit time. Second, 

when a nonzero value of kinematic viscosity is used, momentum must not diffuse 
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more than approximately one cell in one time step. A linear stability analysis 

shows that this limitation implies  

 
2 2

2 2

1 (3.15)
2

i k

i k

x zt
x z

ν
⎧ ⎫∆ ∆

∆ < ⎨ ⎬∆ + ∆⎩ ⎭
(3.16) 

 
With ∆t chosen to satisfy the above two inequalities, the last parameter need to 

ensure numerical stability is α. The proper choice for α is  

, ,1 max , (3.16)i k i k

i k

u t w t
x z

α
⎧ ⎫∆ ∆⎪ ⎪≥ > ⎨ ⎬∆ ∆⎪ ⎪⎩ ⎭

 

(3.17) 

As a rule of thumb, an α approximately 1.2 to 1.5 times larger than the right-hand 

inequality is a good choice. If α is too large an unnecessary smoothing (diffusion-

like truncation errors) may be introduced. 

 

3.5 SOLA-VOF Scheme for Modeling of Fixed Submerged Body 

 

3.5.1 The Volume of Fluid (VOF) Method 

 

Several methods have been previously used to approximate free boundaries in 

finite-difference numerical simulations. A simple but powerful, method is 

described that is based on the concept of a fractional volume of fluid (VOF). This 

method is shown to be more flexible and efficient than other methods for treating 

complicated free boundary configurations. A free surface is an interface between a 

liquid and a gas in which the gas can only apply a pressure on the liquid. The free 

surfaces are modeled with the Volume of Fluid (VOF) technique, which was first 

reported in Nichols and Hirt (1975), and more completely in Hirt and Nichols 

(1981). The VOF method consists of three ingredients: a scheme to locate the 

surface, an algorithm to track the surface as a sharp interface moving through a 

computational grid, and a means of applying boundary conditions at the surface. 

 

In VOF method, a function F is defined whose value is unity at any point 

occupied by fluid and zero otherwise. The average value of F in a cell would then 
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represent the fractional volume of the cell occupied by fluid. In particular, a unit 

value of F would correspond to a cell full of fluid, while a zero value would 

indicate that the cell contained no fluid. Cells with F values between zero and one 

must then contain a free surface. In addition to defining which cells contain a 

boundary, the information can be obtained in the VOF method. The normal 

direction to the boundary lies in the direction in which the value of F changes 

most rapidly. Because F is a step function, however, its derivatives must be 

computed in a special way, as described below. When properly computed, the 

derivatives can then be used to determine the boundary normal. Finally, when both 

the normal direction and the value of F in a boundary cell are known, a line 

cutting the cell can be constructed that approximates the interface there. This 

boundary location can then be used in the setting of boundary conditions.  

 

Although the VOF technique can locate free boundaries and with a minimum of 

stored information, the method is worthless unless an algorithm can be devised for 

accurately computing the evolution of the F field. The time dependence of F is 

governed by the equation,  

0 (3.17)F F Fu v
t x y

∂ ∂ ∂
+ + =

∂ ∂ ∂
 

This equation states that F moves with the fluid. However, the flux of F through 

each cell face of Eulerian grid will be required. Standard finite-difference 

approximations would lead to a smearing of the F function and interfaces would 

lose their definition. Fortunately, the fact F is a step function with values of zero 

or one permits the use of a flux approximation that preserves its discontinuous 

nature. This approximation, referred to as a donor-acceptor method, is described 

below in more detail.  

 

In summary, with minimum storage requirements the VOF method follows 

regions rather than surfaces. So all logic problems associated with intersecting 

surfaces are avoided with the VOF technique. The method is also applicable to 3-

D computations, where, its conservative use of stored information is highly 

advantageous. Thus the VOF method provides a simple and economical way to 

(3.18) 
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track free boundaries in 2- or 3-D meshes. In principle the method could be used 

to track surfaces of discontinuity in material properties, in tangential velocity, or 

any other property. The particular case being represented determines the specific 

boundary condition that must be applied at the location of the boundary.  

 

3.5.2 SOLA Scheme 

 

SOLA is the numerical SOLution Algorithm for transient fluid flows. It solves the 

time-dependent incompressible Navier-Stokes equations on a 2-D rectangular 

domain. In the 2-D computation, the velocity components u and w, and the 

pressure p at the next time step are calculated using the SOLA scheme. Then, 

using the new calculated velocity components, the new free surface configuration 

is computed with the advection equation of VOF function F, which is solved by 

using the donor–acceptor method (Hirt and Nichols, 1981). Using 2nd order 

central difference approximation, the equation of continuity (Eq. 3.6) at the center 

of the cell can be written as,  

1 1 1 1
1/2, 1/2, , 1/2 , 1/2 1

, (3.18)
n n n n
i k i k i k i k n

i k
i k

u u w w
q

x z

+ + + +
+ − + − +− −

+ =
∆ ∆

 

where, the superscripts represent the number of time step and the subscripts 

represent the position of the cell.  

The time derivative is discretized by the forward time difference method. The 

central difference method is used to discretize the pressure gradient terms and 

stress gradient terms. The combination of 2nd order central difference method and 

1st order upwind method is employed to discretize the convection terms.  

So the Navier Stokes equations (Eq. 3.8 and Eq. 3.9) can be written as 

(3.19) 

1, ,1
1/2, 1/2,

1/2

n n
i k i kn n n n

i k i k
i

p p
u u t ADVX VISX

xρ
++

+ +
+

⎡ ⎤−
= +∆ − − +⎢ ⎥∆⎣ ⎦

(3.19)(3.20) 
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where ∆t is time step, ADVXn , ADVZn are convective terms, VISXn, VISZn are 

viscosity terms, α is the donor-cell fraction, β is the wave dissipation factor which 

equals 0 except for the added dissipation zone. When α=0, this formulation 

reduces to a 2nd order accurate, central difference approximation. When α=1, the 

1st order donor cell form is recovered. This particular form is then at least 1st order 

accurate for any α between this limit. In order to obtain stability while maximizing 

accuracy, experience indicates that 0.25< α <0.5 may be utilized. In this 

computation, both 2nd order central difference approximation and 1st order upwind 

method is used considering α=0.5. In order to prevent numerical diffusion, the 

artificial viscosity term 2
,2/1 )(

2
)1( n

kiut
+

∆
−+ α  is applied instead of dynamic 

viscosity, υ, in the viscosity terms equations. 

 

3.5.3 Donor-Acceptor Flux Approximation 

 

The method employed in SOLA-VOF uses a type of donor-acceptor flux 

approximation. The essential idea is to use information about F downstream as 

well as upstream of a flux boundary to establish a crude interface shape, add then 

to use this shape in computing the flux. Several researchers have previously used 

variations of this approach for tracking material interfaces. The VOF method 

differs somewhat from its predecessors in two respects. First, it uses information 
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about the slope of the surface to improve the fluxing algorithm. Second, the F 

function is used to define a surface location and orientation for the application of 

various kinds of boundary conditions, including surface tension forces.  

 

The basic advection method as developed for use in the VOF technique may be 

understood by considering the amount of F to be fluxed through the right-hand 

face of a cell during a time step of duration ∆t. Fluxes across other cell faces are 

completely analogous. The total flux of fluid volume and void volume crossing 

the right cell face per unit cross sectional area is V= u.∆t, where u is the normal 

velocity at the face. The sign of u determines the donor and acceptor cells, i.e., the 

cells losing and gaining fluid volume, respectively. For example, if u is positive 

the upstream or left cell is the donor and the downstream or right cell the acceptor. 

The amount of F fluxed across the cell face in one time step is δF times the face 

cross-sectional area, where  

 
δF = MIN{FAD |V| + CF, FD (∆xD)} 

and where  

          CF = MAX{(1 - FAD) |V| - (1 - FD) ∆xD, 0}                                          (3.26) 

 
Single subscripts denote the acceptor (A) and donor (D) cells. The double 

subscript, AD, refers to either A or D, depending on the orientation of the interface 

relative to the direction of flow as explained below.  

 

Briefly, the MIN feature in Eq. (3.27) prevents the fluxing of more fluid from the 

donor cell than it has to give, while the MAX feature accounts for an additional 

fluid flux, CF, if the amount of void to be fluxed exceeds the amount available. 

Fig. 3.9 provides a pictorial explanation of Eq. (3.27). The donor and acceptor 

cells are defined in Fig. 3.9(a) for fluxing across a vertical cell face.  

When AD = D, the flux is an ordinary donor-cell value,  

F = FD |V| 

 

in which the F value in the donor cell is used to define the fractional area of the 

(3.27) 
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cell face fluxing fluid as shown in Fig. 3.9(b). As discussed later, numerical 

stability requires that |V| be less than ∆x, so that it is not possible to empty the 

donor cell in this case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When AD = A, the value of F in the acceptor cell is used to define the fractional 

area of the cell face across which fluid is flowing. In case (c) of Fig. 3.9, all the 

fluid in the donor cell is fluxed because everything lying between the dashed line 

and the flux boundary moves into the acceptor cell. This is an example exercising 

the MIN test in Eq. (3.27). In case (d) of Fig. 3.9, more fluid than the amount FA 

|V|, must be fluxed, so this is an example exercising the MAX test. In particular, 

the extra fluid between the dashed line and the flux boundary is equal to the CF 

value in Eq. (3.27).  

 

u.∆t

Donor Acceptor 

(a) (b) AD=D 

(c) AD=A (d) AD=A 

Fig. 3.9: Examples of free surface shapes used in the advection of F. The donor- 
acceptor arrangement is shown in (a), where the dashed line indicates the left 
 boundary of the total volume being advected. The cross-hatched regions shown 
 in (b-d) are the actual amounts of F fluxed. 

3.6 Numerical model run conditions 

 

 At first, the developed numerical model is run for incident wave period, T= 0.8 

sec, incident wave height, Hi= 4 cm and h= 40 cm without any breakwater in the 
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computational domain. The model simulated water surface profiles are compared 

with the waves generated from Stokes 3rd order wave theory. Then the model is 

run for different wave periods ranging from 1.5 sec to 2.0 sec for breakwaters of 

five different heights as 20 cm, 25 cm, 30 cm, 35 cm and 40 cm to simulate water 

surface profile, velocity profile, VOF function F and pressure along the 

computational domain. Table 3.3 shows typical inputs in the numerical model: 

Table3.3: Typical inputs in the numerical model  

X axis length 1600 cm 
Z axis length 74 cm 

Structure position 550 cm 
Still water depth 50 cm 

Wave height 10 cm Incident wave 
property Wave period 1.5 sec 

Width along wave 
direction 

100 cm 

Length normal to 
wave direction 

76 cm 

Structure 
dimension 

Height 30 cm 
 
The typical orientation of the cells in the two-dimensional grid of the numerical 

model is shown in Fig.3.10. 

 
 
 
 
 
 
 
 

                    
                     
                     
                     
                     
                     
                     
                     
                     
                     
                     k=1 

i i׳i=1 i=imax

x =xs Right region, 
XR=2100 cm 

  Central region, XC= 1600 cmLeft region, 
XL=2100 cm 
 

k=kmax

k=kobs

550cm

Fig. 3.10: Typical orientation of cells set in numerical model 

• Left region: Open boundary of added dissipation zone; Changeable Ratio of 
∆x =1.03; Number of Cell, IMAXL= 120 
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• Central region: Main computational grid; Fixed cell width ∆x= 2 cm; Number 

of Cell, IMAXC= 800. 

• Right region: Open boundary of added dissipation zone; Changeable Ratio of 

∆x =1.03; Number of Cell, IMAXR = 120 

• Z axis: Constant cell width, ∆z = 1 cm. Number of Cell, KMAX= 74 

 

Referring to the Fig. 3.10, Table 3.4 shows input boundary conditions of the 

velocity as below. 

Table 3.4: Input boundary conditions for velocity 
 

Position Velocity 

Boundary cell faces 

u (1,k)=u (2,k) 

w (1,k)=w(2,k) 

u (imax, k)= u (imax-1,k) 

w (i, kmax)= w (i, kmax-1) 

Obstacle cell faces 

u (i-1,k)=0     [ k= 1, kobs] 

w (i-1,k)=0    [ k= 1, kobs] 

u (i׳,k)=0       [ k= 1, kobs] 
w (i׳,k)=0      [ k= 1, kobs] 

 

The analyses of the numerical model simulated outputs are presented in Chapter 4. 
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CHAPTER 4: NUMERICAL ANALYSIS 

 

4.1    Introduction 

 

The numerical analysis of submerged structures plays an obvious role in the fields 

of ocean engineering. This chapter contains discussion about the numerical 

analysis of the wave interaction with the submerged body. From the developed 

two-dimensional numerical model based on SOLA-VOF scheme water surface 

profile, velocity components and magnitude of pressure along the computational 

domain can be obtained. Additionally a special outcome of the model is the value 

of F (VOF function) that represents fraction of volume occupied by fluid at any 

time. The detail results of numerical analyses are presented here. The results of 

numerical simulation are also verified by the experimentally measured values. 

 
4.2 Verification of the developed numerical model 

 

The developed numerical model is based on SOLA-VOF scheme. The method 

used for calculating water surface using SOLA-VOF scheme is represented in 

chapter 2 (article 3.4 and 3.5). Stokes 3rd order wave theory uses the following 

equation for water surface calculation.  

(3) 4 2 3 2 6 2 2 3 23 3( 3 3) cos (8 ( 1) ) cos3
8 64

a k a kη α α θ α α= − − + + + − θ  

where, 

coth ,khα =  k = 2
L
π   

h =  still water depth  

and L = wave length  

Fig. 4.1 shows that the waves generated by the developed model show very good 
agreement with the waves generated by Stokes 3rd order wave theory. 
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 Fig. 4.1:Comparison of numerical and 3rd-order Stokes wave theory results of 
dimensionless water surface profiles(Hi=4cm, T=0.8 sec, h=40 cm)  

4.3 Numerical model simulation for both breaking and non-breaking 

condition 

 
The numerical model is developed considering that the rectangular submerged 

body is fixed against the wave action. Fig. 4.2 shows the numerical simulation of 

water surface profiles along the channel length and the water particle velocity 

field around the breakwater. The wave height, the wave period and the water 

depth are considered as 15 cm, 2.0 seconds and 50 cm respectively. Rectangular 

fixed submerged breakwater of three different heights as 20 cm, 25 cm and 30 cm 

are considered here for the numerical model simulation. 

 

For installing 20 cm and 25 cm breakwater in 50 cm still water depth no wave 

breaking occurs. As a result, in the first two figures no disturbance has been seen 

in the water surface profiles as well as in velocity distribution for these two 

breakwaters. When 40 cm breakwater is installed in 50 cm depth of water, the 

wave breaks over the breakwater and water particle velocity abruptly changes due 

to breaking. 
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4.4 Numerical model simulation of time series water surface profiles 

Fig. 4.3 shows the numerical simulation of water surface profiles along the 

channel length for different stages of a wave cycle. The wave height, the wave 

period and the water depth are considered as 15 cm, 2.0 seconds and 50 cm 

respectively. The depth and width of the submerged body are 30 cm and 100 cm 

respectively. The water surface profiles at different moments of a full wave period 

(T) are shown in the figure. The overtopping of the water surface over the 

submerged body is seen in the figure. The irregular water surface profiles just 

behind the breakwater indicate the wave breaking and after breaking it is seen that 

the wave height reduces the incident wave height. Since the model is able to 

express the overtopping, the model can calculate the wave deformation around the 

structure with the nonlinear effects. 
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Fig.4.3: Numerical model simulation of time series water surface profiles for a 
wave cycle (H=15 cm, T=2.0 sec, h=50 cm, hs=30 cm) 

 

4.5 Numerical model simulation of water particle velocity around the 

 fixed  submerged breakwater 

The water particle velocity field around the breakwater at the moment of t=16.0 

second after starting the simulation is shown in Fig. 4.4. The wave height, the 

wave period and the water depth are considered as 12 cm, 1.6 seconds and 50 cm 

respectively. The details of numerical simulation of the water particle velocity 

field around the breakwater for different stages of a wave cycle are shown. The 

breaking of wave just behind the breakwater is clearly understood from the figure. 
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Fig. 4.4: Numerical model simulation of time series water particle velocity 
around the fixed submerged breakwater for a wave cycle (H=12 cm, T=1.6 
sec, h=50 cm, hs=40cm) 

The result at t/T=0/8 reveals that the progressive wave collides with the offshore 

return flow from the offshore face of the breakwater and the direction of the water 

particle velocity abruptly changes from horizontally to upward. As the wave start 

to break at t/T=2/8 a vortex is seen to appear at the downstream of the submerged 

body, which continues up to t/T=5/8.  

In the figure, it is seen that the vortexes are generating after the breakwater and 

the wave passing over the breakwater breaks with an overturning wave front. The 

length of arrow of the vector represents the magnitude of the velocity. 

Furthermore, this figure illustrates that the higher magnitude of the water particle 

velocity in the offshore side of the breakwater decreases in the onshore side due to 

the wave energy dissipation through wave breaking by the breakwater.  

4.6     VOF function F around the Breakwater 

 
From the experimental video clips, it is seen that most of the wave breaking 

occurs when the wave front passes over the top surface of the breakwater and its 

immediate onshore side. Fig. 4.4 shows the numerical simulation of the contour 

map of the VOF function F, which ranges from 0 to 1 at 15 sec after starting the 

simulation. The wave height, the wave period and the water depth are considered 

as 10 cm, 1.5 seconds and 50 cm respectively.  
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The solid portion in the middle of this figure represents the breakwater containing 

the obstacle cell having F=0. The deep gray color around the breakwater 

represents the water containing the fluid cells having F=1.  The F value of the top 

surface of the water surface profile is seen less than 1 (F<1), that represents the 

surface cells. On the right side of the top surface of the breakwater, it is seen that 

the wave front becomes light gray color having F<1. It shows that the breaking of 

wave occurs here and the air-bubble entrained in the corresponding numerical 

mesh cells due to wave breaking reduces the water volume less than the full 

volume of a fluid cell. For this reason the numerical model calculates F value of 

these cells less than 1. Also, the cells having F<1 are seen in both offshore and 

onshore side of the breakwater. This may happen due to the reason that the higher 

water particle velocity in vertically downward direction at the onshore face of the 

breakwater may cause partial void at some cells near the onshore  face  bottom  

corner  forming  vortex  in  this  zone,  which  can  be  seen  in Fig. 4.5.  

 

Fig. 4.5 (i) shows the contour map of VOF function F with installation of 

submerged breakwater of 20 cm height in a still water depth of 50 cm. This figure 

shows smooth distribution of F value as no breaking occurs as the wave passes 

over the breakwater. At a distance from the breakwater the value of F is 1 at deep 

water zone because in these regions the computational cells are completely filled 

by the fluid. The F value is less than 1 in the surface cells partially occupied by 

water and partially filled by air. Again just at the offshore end of the breakwater, 

over the breakwater and at the onshore end of the breakwater the value of F is less 

than 1 because of the presence of bubble and eddies in these cells some air is 

entrapped there. Fig. 4.5 (ii) shows the effect of installing a 30 cm submerged 

body in 50 cm depth of water. In this case the variation in the value ofF is almost 

similar. In Fig. 4.5 (iii), changes in the value of F as a result of breaking of wave 

by 40 cm submerged body are shown. Here as the waves break overtopping the 

breakwater the variation in the value of F can be clearly understood.  
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4.7    Pressure distribution around the breakwater 
 

Fig. 4.6 shows the numerical simulation of the pressure distribution at 20 sec after 

starting the simulation in dyne/cm2 unit. The wave height, the wave period and the 

water depth are considered as 15 cm, 2 seconds and 50 cm respectively. The solid 

portion in the middle of this figure represents the breakwater. The changes in the 

pressure distribution for installing fixed submerged body are analyzed here. 

Pressure distribution around the breakwater changes as the wave breaks because 

of installing fixed submerged breakwater. From the results of the previous 

analyses, it is seen that for five different wave periods as 1.5 sec, 1.6 sec, 1.7 sec, 

1.8 sec and 2.0 sec the incident wave breaks above the ratio of hs/h=0.4 i.e. by 

installing a fixed submerged breakwater of height greater than 20 cm in a still 

water depth 50 cm the incident wave usually breaks for the given wave periods.  

From the experimental investigations it is seen that most of the wave breaking 

occurs when the wave front passes over the top surface of the breakwater and its 

immediate onshore side. This is also evident fom the numerical simulation results. 

 

In this figure it is clear that there is no abrupt change in the pressure distribution 

around 20 cm breakwater in 50 cm depth of water. As the incident wave does not 

break because of installing breakwater of hs/h=0.4, the pressure distribution is 

almost similar around 20 cm submerged body. As a result of providing a 30 cm 

breakwater in same depth of still water, mild changes occur in the pressure 

distribution around the breakwater. In this case, the pressure becomes very close 

to 0 just behind the breakwater. When a breakwater of height 40 cm having 

hs/h=0.8 is set , the pressure just behind the breakwater becomes very low. The 

changes in pressure distribution occur because of existence of vortex in that zone 

which is also seen in the water particle velocity distribution around the 

breakwater. The water pressure distribution becomes almost linear behind the 

breakwater whereas, in front of breakwater this distribution is curved. 
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Fig. 4.6: Numerical model results of pressure distribution around the 
submerged body of three different heights of 20 cm, 30 cm and 40 cm 

respectively (H=10cm, T=1.5sec,h=50cm) 



 

4.8      Comparison between numerical and experimental results 

 
The performance of the developed two-dimensional numerical model has been 

verified by comparing the model simulated results with experimentally measured 

data. The model simulated water surface profiles for all 15 laboratory run 

conditions are compared with the experimentally measured data for the respective 

run condition and are shown in Fig. 4.7. In the figure, the experimentally 

measured data of water surface profile show good agreement with the water 

surface profiles generated by the developed numerical model. The data collected 

from the experimental investigations shows the maximum of ± 20% variations 

with the numerical model data.  

Wave breaking positions measured by the laboratory experiments are also 

presented in this figure. The measured breaking positions in the laboratory 

experiments show small differences from the locations of breaking indicated by 

the numerical model simulation marked by the larger circles. In the model 

simulated water surface profiles the breaking position is considered at the point 

where the wave collapse. 
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Run 1: T= 1.5 sec, Hi= 10 cm, h=50cm, 
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Run 3: T= 1.7 sec, Hi= 13 cm, h=50cm, hs=30cm 
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Run 4: T= 1.8 sec, Hi= 14 cm, h=50cm, hs=30cm 
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Run 5: T= 2 sec, Hi= 15 cm, h=50cm, hs=30cm 
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 Run 6: T= 1.5 sec, Hi= 10 cm, h=50cm, hs=35cm 
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 Run 7: T= 1.6 sec, Hi= 12 cm, h=50cm, hs=35cm 
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Run 8: T=1.7 sec, Hi= 13 cm, h=50cm, hs=35cm
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 Run 9: T=1.8 sec, Hi= 14 cm, h=50cm, hs=35cm 
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Run 11: T= 1.5 sec, Hi= 10 cm, h=50cm, hs=40cm
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Run 12: T=1.6 sec, Hi= 12 cm, h=50cm, hs=40cm 
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Run 13: T= 1.7 sec, Hi= 13 cm, h=50cm, hs=40cm 
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 Run 14: T= 1.8 sec, Hi= 14 cm, h=50cm, hs=40cm 
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 Run 15: T= 2.0 sec, Hi= 15 cm, h=50cm, hs=40cm 

Fig. 4.7 : Comparisons  between numerical and experimental results for different runs  
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CHAPTER 5:   CONCLUSIONS AND 
RECOMMENDATIONS 

 
 
5.1 Conclusions 

 

Submerged breakwater is a nature-conscious coastal protection work that prevents 

beach erosion and provides a safe and agreeable environment in the coastal areas. 

In this thesis work, the interaction between wave and rectangular fixed submerged 

breakwater has been investigated both experimentally and numerically to find out 

the effective size of this protection structure for the reduction of wave height. In a 

two-dimensional wave flume, fifteen experimental runs have been conducted with 

solid submerged body of three different relative structure heights (hs= 30 cm, 35 

cm and 40 cm) in constant water depth h=50 cm  for five different wave periods as 

T= 1.5 sec, 1.6 sec, 1.7 sec, 1.8 sec and 2.0 sec respectively. Moreover, a two-

dimensional moored floating body-wave interaction model by Rahman (2005) is 

adapted in this study to simulate the wave interaction with fixed rectangular 

shaped submerged breakwater. The adapted model can simulate water surface 

profile, velocity profile, water pressure all through the flume length including 

wave breaking over and around the breakwater. Finally the experimentally 

measured water surface profiles and wave breaking positions for each of the 

fifteen run conditions are compared with the model simulated results. The key 

findings from this study are as follows. 

 

(i) From the experimental investigations, it is seen that for any particular wave 

period the relative structure height, hs/h (hs= structure height and h= water 

depth) and the relative structure width B/L (B=structure width along the wave 

direction and L= wave length) are the important parameters for the reduction 

of incident wave height as mentioned below. 

 
(a) As the relative structure height hs/h increases, the incident wave 

reduces more due to breaking caused by the breakwater. For B/L 

 
 

99



 

=0.35, when the ratio of hs/h= 0.8, the reduction of wave height is 

about 60%, whereas the submerged body with hs/h= 0.7 and 0.6 

can reduce wave height up to 45% and 40% respectively. 

 
(b) As the relative structure width B/L increases, the reduction of wave 

height also increases. For relative structure height hs/h =0.6, when 

B/L= 0.25, reduction of wave height due to breaking is 30%, 

whereas submerged body with B/L= 0.4 can reduce wave height up 

to 50%. 

 
(ii) The water surface profiles simulated by the numerical model are in good 

agreement with wave profiles generated from Stokes 3rd order wave theory 

which indicates the satisfactory performance of the adapted model for any 

type of wave generation. 

 
(iii) Analyzing the water surface profiles, velocity profiles, water pressure around 

the breakwater it is seen that in 50 cm depth of water, 20 cm and 25 cm high 

breakwater cannot break waves passing over it, whereas for breakwater height 

30 cm and over, wave breaking is seen clearly for different wave periods 

ranging from 1.5 sec to 2.0 sec. 

 
(iv) From the comparison between experimentally measured water surface profiles 

with that of the model simulated values, it is seen that the measured data agree 

well with the model results with maximum ±20% deviation at some points. 

  

(v) The comparison between experimentally measured wave breaking positions 

also agree well with model simulated wave breaking positions. Hence the 

adapted model can be used for submerged body of different heights exposed to 

various wave conditions.  
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5.2 Recommendations 

 

Naturally any coastal protection work is exposed to continuous hitting by 

multidirectional random waves, where wind is one the most important driving 

force to control the wave height as well as to create turbulence in the free surface 

of water. In this study, the effectiveness of a rectangular fixed submerged body 

exposed to unidirectional regular waves in the reduction of wave height has been 

investigated both experimentally and numerically, where the contribution of wind 

force induced turbulence has not been considered. To overcome the limitations of 

the present study, the followings are recommended:  

 

(i) Multi-directional random waves can be created from different wave generators 

simultaneously in a large wave basin.  

 
(ii) Wind force induced turbulence can be included as an external force in both the 

physical model and the numerical model in future study. A turbulence model 

can be combined with the adapted numerical model to analyze the effect of 

turbulence from wind–water interaction as well as from breaking caused by 

the submerged body.  

 
(iii) Artificial ditch in a flat sloped bottom can be modeled in the laboratory set-      

up to represent the undulated sandy coastline. 

 
(iv)  The wave interaction with submerged body of other shape like        

trapezoidal, stair-like stepped, vertical cylindrical, etc can be investigated. 

 
(v) The wave interaction with porous submerged body can also be investigated by 

combining the porous body model with the numerical model based on SOLA-

VOF scheme. 
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