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ABSTRACT

A two-dimensional numerical model has been developed to simulate wave-current
induced nearshore circulation patterns in beaches and surf zones. The wave model is
based on the parabolic wave equation for mild slope beaches. The parabolic equation
method has been chosen because it is a viable means of predicting the characteristics
of surface waves in slowly varying domains and in its present form dissipation and
wave breaking are also included. The two dimensional parabolic mild slope equation
was discretised and solved in a fully implicit manner, so stability did not create a
major problem. This wave model was then embedded into the existing numerical
model DIVAST. The sediment transport formulae from Van Rijn was used to
calculate the nearshore sediment transport rate.

The estuarine model DIVAST has been refined and first used to simulate different
tidal scenarios in the Bristol Channel, the agreement between field data and model
predictions was good. Residual erosion after various tidal cycles was highlighted,
which give rise to long-time effect predictions for the estuarine behaviour. The
newly developed wave model was then introduced in to the estuarine model and the
combined model has been verified against various laboratory data. At first, the
model was applied to a sinusoidal beach with different beach orientations. Then the
model was compared against a three-cusp beach. In both cases, model results
showed that the model was capable of simulating the wave generated velocity field
with a high level of accuracy. Then the model was applied to published laboratory
data. The comparison between the laboratory data with model predictions confirmed
the model’s capability of simulating wave heights, cross-shore and longshore
velocity profiles and water level variations. An acceptable level of accuracy was
obtained.

Finally, the model was applied to a recent laboratory investigation by the research
group. Various scenarios were simulated for the sensitivity test of the main model
parameters and some of the parameters have been investigated to obtain the best
comparable results. It was found that the velocity field was sensitive to changes in
the bed resistance, friction co-efficient and wave breaking index. The nearshore
sediment transport rate predicted by the model was verified against other existing
numerical model results, with very close agreement being obtained. Also the
morphological parameters and bed level changes were calculated and compared with
laboratory results and again giving good agreement.

A combined wave-current model which can be applied to both estuarine and
nearshore circulation predictions has been established, and the agreement between
the predicted numerical model results and laboratory data have been very
encouraging for all of the model applications considered. The numerical results
confirm that the new wave-current model is stable, accurate and economical in terms
of computational resources.

Keywords: estuarine transport; wave-current interaction; parabolic wave equation;
numerical modelling; nearshore circulation; Finite Difference Method.
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CHAPTER 1

INTRODUCTION

1.1 Background of the Study

Coastal areas and estuaries are constantly exposed to different meteorological and
hydrological conditions. In recent years, these areas have been subjected to serious
development considerations with an increase in population, more use of water
bodies such as rivers, lakes and estuaries in water supply, flood control, irrigation
and navigation systems. Environmental awareness has also risen sharply due to more
and more use of these areas for commercial and recreational purposes. There are
lots of artificial as well as natural changes taking place along the land and sea

interface which effect the ecosystem seriously.

Coastal areas can be characterised by complex flow patterns with tidal effects,
complex bathymetries and continuously changing wind-wave behaviour. All of these
factors can result in significant changes in the sediment transport processes. The
ever changing sediment transport gives rise to one of the most severe problems in
coastal engineering, which is ‘coastal erosion’. In estuarine waters, sediment
transport is a very complicated process as river water meets the ocean water in
regular tidal intervals. These processes become more complicated as the river water
carrying sediment particles, along with its flow, travels through sedimentary land.

The ever changing tidal flow pattern changes the sediment motion, which gives a
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new complicated flow pattern within the estuary. To understand this estuarine flow
system, different scientists have undertaken various studies. However, there is no

unique solution to describe estuarine sediment transport processes completely.

The sediment particles are in constant change, both in size and shape, in estuarine
waters. These changes occur due to natural causes, changes due to hydrodynamic
condition and also due to human activities. Among all other factors (like tidal
variation, salinity and river flow) the main factors are the upstream river sediment
capacity, sea-level change and the different seasons of the year. The construction of
coastal structures, resulting in changes in the flow characteristics, also leads to
changes in sediment transport processes and in the long term the hydrodynamic
characteristics of the estuary. The problems associated with estuarine erosion and
deposition are one of the main challenges for engineers and scientists to address for
the benefit of mankind. To find out the long term erosional and depositional
characteristics of the flow pattern in an estuary, the sediment transport and tidal

influence has to be well understood to make accurate future predictions.

Another important coastal areas are the beaches, which is the line of division
between land and sea. The beaches are in a constant state of change due to the
supply of sediment and natural forces of erosion due to wave attack. An
understanding of the nearshore processes, such as wave-climate, interaction of
waves with shallow water, wind induced shear stresses, nearshore circulation of
refracted and reflected waves are all very important to visualise the changes in

shorelines and beach profiles with time.

The nearshore circulation due to wave induced forces result from complex processes
based on gravity water waves. While approaching the coastline or coastal structures,
waves undergoes shoaling, reflection, refraction, diffraction, dissipation and wave-
current interaction; after these processes have occurred, nearshore currents are
produced by the excess momentum flux due to the breaking of waves, with thus is
called the radiation stresses. In this highly dynamic system the nearshore currents
are then modified by the bottom friction and mixing processes in the surf zone. The

mean water level will also change due to the presence of waves. The numerical
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model developed during this study is capable of computing the wave field resulting
from the transformation of an incident, linear, monochromatic wave over a region of
arbitrary extent and bathymetry. The solution technique described herein uses the
finite difference technique so that the wave climate, in terms of wave height, period

and direction, can be specified at every single computational point.

During the last three decades extensive analyse have been undertaken to characterise
the sediment transport process in the estuarine waters and nearshore regions and
numerical models have become a popular tool to do so. The rapid developments in
numerical modelling have enabled researchers to pursue research in a cost effective
way and in a relatively short time, which is not generally possible using physical
models. A standard numerical model can simulate different physical problems by
changing the hydrodynamic and physical variables. Numerical models are flexible,
transportable and economical and fast computers are cheap nowadays. The estuarine
and nearshore region processes can be accurately predicted using well-developed

numerical models.

The difficulty of the prediction of sediment transport by numerical model (resulting
in erosion and deposition) in estuaries and nearshore coastal zones is mainly the lack
of understanding of the physical processes involved, although many researchers
have devoted much time establishing exact solutions. There is no exact set of
solutions up to the present time to describe sediment transport process perfectly as
there are so many parameters affecting the processes, which are also often difficult
to measure. Still upto now researches have always depended upon empirical
formulae that have to be adopted for different situations based on the specific

assumptions.

The study of estuarine sediment transport processes resulting in erosion and
deposition are long term processes. By using numerical models for estuarine
transport, the governing processes are described mathematically via a set of
differential equations. For the case of nearshore processes, sediment transport
primarily occurs due to wave induced currents in nearshore zones. The current

system arises for either normal or oblique incident waves. It is very important to
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observe and describe the nearshore flow due to breaking, resulting in nearshore
sediment transport. In this study a mathematical model has been developed which
can simulate estuarine sediment transport processes and as well as the characteristics

of nearshore circulation processes.

1.2 Scope of the Study

Coastal engineering is a part of Water Resources Engineering and is a vast field of
academic and practical research. It is still a field of considerable uncertainty, with a
lot of unanswered questions. The basic scope of this research work was to study
sediment transport process in estuarine waters effected by tidal fluctuations and
using a numerical modelling approach. The same numerical model with the addition
of wave sub-model has been applied to predict the nearshore velocity due to
breaking waves and the corresponding sediment transport rates in the nearshore
zone. In both cases the major factors influencing the sediment transport processes

have been highlighted.

It is very important to understand the hydraulic behaviour of the estuaries and
nearshore coastal zones (or surf zones) before undertaking any numerical modelling
process. In the area of shallow water (or estuarine area where horizontal flow is
dominant), there is a significant tidal fluctuation, it can often be assumed that the
flow is well mixed vertically (Falconer and Owens, 1990). Based on this assumption
the flow and sediment transport processes in shallow water can be accurately
predicted by two-dimensional models. The two-dimensional model DIVAST (Depth
Integrated Velocities And Solute Transport) was chosen for refinement and for
predicting the shallow water flows by numerical predictions. The hydrodynamic part
of the model was developed by solving the three dimensional mass and momentum
equations and integrating them vertically to obtain the depth averaged flow
parameters. The accuracy of prediction of the long-term sediment transport

processes mainly depends nearly upon solving these basic governing equations as



Chapter 1 Introduction

accurately as possible. In DIVAST, the advection-diffusion equation has been
solved using the highly accurate ULTIMATE QUICKEST scheme.

The breaking of waves is one of the dominant forces for nearshore circulation,
which results in increase in turbulence level and sediment suspension. Over the past
three decades there have been considerable developments in the understanding of
nearshore circulation induced by waves. Several wave models have been developed,
which include more physical parameters like bottom friction, lateral mixing and
mixing processes. The recently developed models have the ability to predict many of
the nearshore processes, but a comprehensive model which can take care of all of

physical conditions in the nearshore zone could not yet be developed.

A numerical model for wave simulation or nearshore wave circulation should be
able to predict:- (i) the nearshore velocity component, (ii) the location and
magnitude of breaking waves, (iii) the longshore and cross shore sediment rate, (iv)
the areas of erosion and accretion due to wave attack, (v) the effects of any new
constructed coastal structures on the nearshore zone, (vi) the flood inundation levels
due to extreme events such as tides, surges, cyclones etc. The wave model in this
study has been established from a parabolic mild slope equation and based on the
theory of Booij (1981). The model has been be calibrated against different sets of

laboratory results to test its applicability for nearshore circulation predictions.

1.3 Study Objectives

The fundamental need for any research work arises due to various reasons such as
academic interests, practical conditions, theoretical enhancement of social and
cultural circumstances, human development and so on. The objective of this research
study is to observe and understand the estuarine sediment transport patterns due to
tidal effects and also the nearshore flow and velocity field due to normal and oblique
wave attack. The need is particularly relevant in countries such as Bangladesh,

where coastal areas are exposed to extreme hydrological (i.e. cyclones, tidal surges,
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coastal erosion etc.) conditions. The proper fulfilment of the objectives of this
research work will enhance the understanding of the natural forces that shape the
physical properties of the coastal areas for countries such as Bangladesh, which

largely determine the potential for human settlement and development.

The development of two-dimensional parabolic wave equations has been outlined
and applied to nearshore field studies to observe the velocity field. The wave model
has been incorporated in a widely used shallow water model, namely DIVAST, to
predict the nearshore flow due to breaking waves. The model was also refined to
establish the characteristics of sediment movement under normal and oblique
incident waves. DIVAST is a two dimensional depth integrated numerical model,
originally developed by Falconer (1980) and then modified for sediment transport
by Owens (1986) and Lin and Falconer (1997) for shallow water flows in estuaries.
Until recent times DIVAST has been modified by several researchers (Kashefipour
et al., 2002) for introducing new techniques (for water quality, mangrove estuarine
flow pattern etc.) so the model was appropriate for application to natural shallow

flow domains for large estuarine areas.

The purpose of any numerical model to predict sediment transport rate in estuarine
and nearshore waters is to obtain the closest possible solution to the governing
equations, which can represent the hydrodynamic part accurately. The governing
equations for estuarine shallow water flows are based on flow variables, tidal
simulation and sediment transport parameters. At the time, when the wave part was
included in the shallow water model, there was another set of variables mainly the
wave parameters to be included. So the shallow water model reported herein
comprises three sub-models namely: the hydrodynamic, the sediment transport and

the wave sub-models.

The basic governing equations for the hydrodynamic sub-model were derived from
the shallow water flow three-dimensional form of the equations. The two-
dimensional depth integrated form of the equations was adapted for the numerical
model to represent the shallow water flows. The sediment transport sub-model is

included through the advective-diffusion equation to determine the depth integrated
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two dimensional sediment load fluxes. The wave sub-model comprises the two-
dimensional parabolic mild slope equations. The governing equation have been
discretised to calculate or predict the wave height (H), wave period (7) and wave
angle (@) after any simulation time. So the three sub-models were connected
together to set up a network for the two-dimensional depth integrated numerical
model for predicting sediment transport processes in shallow waters (or estuaries)
and nearshore flow fields or wave climates in the surf zone. The finite difference
method has been used here to discretise the governing differential equations with a
Cartesian co-ordinate system. The Alternating Direction Implicit (ADI) scheme was
used to solve the hydrodynamic equations. The advective-diffusion equation was
used to discretise solute transport with the highly accurate ULTIMATE QUICKEST
scheme being used for the advective terms. The parabolic mild slope wave equations
were set up for large angles according to Berkhoff (1972), Noda (1974), Radder
(1979) and Booij (1981).

The shallow water model DIVAST, including the new wave model, needed to be
verified and validated, like any other numerical model. Some field data and
laboratory experimental results, together with some test cases which has already
been in established literature, have been chosen for model verification. The models
(i.e. for shallow water estuarine flow, due to tidal effects and nearshore circulation
due to wave effects) has been tested against field (data from Bristol Channel to
validate the tidal model) and laboratory data (data from Lima, 1981 for test case Il in
Chapter 6 and Antoniadis, 2003 for the comparison in Chapter 7 to validate wave

model) to ascertain its accuracy and efficiency.

The principle objectives of this research study have therefore been to:

) develop an integral wave-current model,
(i1) validate the DIVAST model against field data,
(iii)  extend and incorporate the wave model into DIVAST, and

(iv)  verify and validate the new integrated model against comprehensive data.



Chapter 1 Introduction

1.4 Structure of the Thesis

The study undertaken in this research thesis includes eight chapters (including this
one), which can be summarised as follows:

Chapter 1 represents the basis against which the need for this study arises. The
fundamental scope and objectives to undertake this study has been defined. Also the
structure of the thesis has been laid out.

Chapter 2 deals with reviewing the vast field of estuarine processes and nearshore
wave circulation processes. In this chapter the main aim has been to review recent
developments in two broad divisions of estuary and wave processes and modelling.
The study of previous works already undertaken in both fields was categorised as:
field studies, laboratory experiments, theoretical studies, sediment transport
processes and numerical modelling techniques. These reviews could give an overall
idea of the research done in this field and also outline the basis for the current

research work.

Chapter 3 consists of the derivation of the governing equations for shallow water
flow processes, which includes the equations for the hydrodynamic part, the
sediment transport processes and the parabolic wave generation processes. The
different assumptions and conditions applied in deriving the two-dimensional depth
integrated shallow water flow equations were also described, thereby enabling an

understanding of the methodology adopted in this research work.

Chapter 4 provides a brief description of the fundamentals of the finite difference
method, which have been used by outlining the discretisation of the different
components of the shallow water and wave models. The solution procedure and the
stability criteria for the numerical scheme have been discussed. The different

boundary conditions were also outlined which were applied in the model.

Chapter 5 describes the application of tidal model DIVAST to a physical estuary,
namely the Bristol Channel. A detailed analysis has been undertaken. The model has
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been calibrated and verified against two different sets of field data. Also the model
has been applied against a new set of field data from 2001. The sediment transport
phenomena with tidal cycle and the residual erosion and deposition after different

tidal cycle were also discussed.

Chapter 6 evolved with the application of the wave model to published experimental
work. The wave model was applied to laboratory data. Three test cases were
discussed and the results were plotted and compared for the predicted and measured
data. For test case III, the predicted velocity field, wave height and water levels were

compared with the laboratory data.

Chapter 7 presents the details of the validation of the numerical wave model
predictions against the laboratory data. These extensive experimental data were
compared with the wave model predictions and helped to show the establishment of
the wave model. Sediment transport rate and bed level changes were also predicted

by the model and compared with laboratory data.

Chapter 8 provides the conclusion of the findings from the research work, and
concluding remarks on the tidal model and the wave model. This was followed

citing some recommendations from this study for further study to follow on.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The success of any research study depends on the true identification of the problem
for any research field. The procedure of problem identification is very delicate and
time consuming process. To find out about a new topic or a gap in previous
scientific research, the best way is to perform a rigorous scrutinisation of the work
already undertaken in the field. The different exposures of problems and the view
expressed by the respective researchers provide the basis for new questions which
need to be answered and thus initiate the scope of new horizons for exploration. The
research interest for this study focused on estuarine sediment transport due to tidal
currents and nearshore circulation processes due to wave-current interaction. Both of
these processes are mainly based on shallow water hydrodynamics. Estuarine
sediment transport arises due to tidal asymmetry and the tidal influence on the
estuary determines the magnitude and direction of the sediment movement. Whereas
in the case of nearshore processes waves are the dominating factor. The wave height,
wave period and incident wave angle, together with the bed slope and bottom
friction, create an environment for wave breaking and the resulting nearshore

transport process.

This chapter has been organised to underline the necessity for the current research.

Section 2.2 will illustrate the definition and classification of estuaries and beaches

10
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based on different geological, hydrodynamic and environmental factors. The
different hydrodynamic processes taking place in the estuaries and beaches are
described in section 2.3, which provides a foundation of the underlying problems in
the field. While searching for previous scientific work in the field, the basic work
has been divided into two categories namely: estuary and nearshore zone. To
distinguish between the respective problems, each category has been divided into
sub categories as field work, laboratory experiments, theoretical investigations,
sediment transport (as sediment transport is one of the focus of this study for coastal
and estuarine flow) and numerical modelling. The division of categories has been
done to focus on the different aspect of the problems and their corresponding

solutions.

2.2 Classification of Estuaries and Beaches

Estuaries are areas of interaction between fresh and salt water. Among many
different definitions one of the most widely cited was given by Pritchard (1967) as
“An estuary is a semi-enclosed coastal body which has free connection to the open
sea, extending into the river as far as the limit of tidal influence and within which
sea water is measurably diluted with fresh water derived from land discharge”.
Topography, river flow and tidal action are the most important factors that influence
the rate and extent of the mixing of the salt and fresh water. Pritchard (1967) has
divided estuaries into two groups; a positive estuary is one where the fresh water
flow derived from river discharge and precipitation exceeds the evaporation, and a

negative estuary is the one where evaporation exceeds river flow plus precipitation.

Davies (1964) classified estuaries in the tidal context and described them by their
tidal range (TR), which are: (a) Microtidal estuary, TR < 2m (b) Mesotidal estuary,
2m < TR < 4m (c) Macrotidal estuary, 4m < TR< 6m and (d) Hypertidal estuary,
TR > 6m. Depending on the convergence of the estuary sides and the friction in the
shallower waters three types of estuary may be found including: (a)

Hypersynchronous estuaries where convergence exceeds friction mainly due to the

11
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funnel shaped of the estuary, (b) Synchronous estuaries where convergence and
friction have roughly equal and opposite effects on the tide, and (c)
Hyposynchronous estuaries where friction exceeds convergence and the tidal range

diminishes throughout the estuary.

Based on topography there are three types of estuaries: (a) Coastal plain estuaries,
formed by the floods of previously incised valleys, (b) Fjords, which were formed in
areas covered by pliestones ice sheets, and (c) Bar-built estuaries, or the drowned
river valleys. Based on the interplay between the river, waves and tidal currents
there are two types of estuaries: (a) Wave dominated estuaries where waves are
significant at the mouth and sediments eroded from the coastline are transported
alongshore to form a spit, and (b) Tide dominated estuaries, where the tidal currents
are large relative to the wave effects. The mouth area generally contains sandbanks

which are aligned with the current flow and around which sediments circulate.

Based on the salinity distribution estuaries may be classified into: (a) a highly
stratified estuary of the salt wedge type, (b) a highly stratified Fjord type estuary,
and (c) a partially mixed estuary. Based on the fact that the tidal range may be large
relative to the water depth and the turbulence produced by the velocity shear on the
bottom may be large enough to mix the water column completely and make the
estuary vertically homogeneous, there are two types of estuaries in another context,

i.e.: (a) laterally inhomogeneous, and (b) laterally homogeneous.

Natural beaches and the shoreline are the line of demarcation between land and
water. Beach and shallow water sediments are continuously responding to direct
wave action, wave-induced littoral currents, wind and tidal currents. The stability of
a section of sedimentary shoreline depends on the balance between the volume of
sediment available over the section and the net onshore-offshore and alongshore
sediment transport capacity of waves, wind and currents along the section
(Sorenson, 1978). The shoreline may thus be eroding, accreting or remain in

equilibrium.

12
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Based on the sediment composition of the beach material the beaches may be
classified as: (a) muddy coasts (5-10% of the world’s coast) where the coast consists
of predominantly inorganic sediment of median size less than 63 micron (0.063mm)
and are known as chenier or chenier plain coasts, (b) sandy coasts (10-15% of
world’s coast) where wave dominated depositional materials is deposited i.e.
sediment grains range from 0.063 to 2mm, the sand accumulated is generally
deposited through processes of wave action and wave induced currents, rather than
through tide or wind induced currents, (c) gravel/shingle coasts, which consist of
gravel (2 to 64 mm), pebbles and cobbles (64 to 256 mm) and are generally known
as coarse clastic beaches, and (d) rock and cliff coasts (75-85%) which are high and
steep faced coasts without a noticeable beach, granite and basalt to sandstone and

mudstone are the materials of these type of coasts.

Based on typical coastal features (phenomenological or morphological) six types of
beaches may exists including: (a) barrier island coasts, (b) delta coasts, (c) dune
coasts, (d) coral reef coasts, (¢) mangrove coasts, and (f) marsh grass coasts. Based
on the river-sediment discharge (water and sediment, wave climate and relative
strength of tide-induced forces (tidal range, TR) and wave-induced forces (H=annual
mean nearshore wave height), the following classification can also be given: (a)
riverine dominated coast, (b) wave energy-dominated coast (TR/H = 0.5-1.0), (c)
mixed energy coast (TR/H = 1.0-3.0), and (d) tide energy-dominated coast (TR/H >
3.0). According to genetic controls as given by genetic classification methods,
beaches are effected by: land configuration, relative vertical movement of land and
sea (emergence or submergence with time) and physical processes modifying the
coast line (erosion and deposition with time in relation to emergence or

submergence).

2.3 Hydrodynamic (Tidal and Wave) Processes

In the shallower water of estuaries two main processes affect the tidal wave. The
first is that even in a frictionless estuary, when the tidal variation relative to the

water depth is large, the wave crest will move more quickly than the trough (Dyer,

13
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1997). The crest of the tide may partially overtake the trough, resulting in a shorter
flood and longer ebb. The second is the effect of bottom friction, which is non-linear
process and depends on the square of the current to produce greater friction in
shallow water. The combined effects of these two processes produce a short duration
of flood phase of tide called flood dominance. Ebb dominance can be produced
within estuaries essentially by interactions between the deep channel and the shallow

water areas and the varying distribution of friction during the tide.

Mixing in an estuary is a combination of internally generated and boundary
generated turbulence, which varies in relative magnitude in space and time.
Turbulence is difficult to measure and explains why a means of parameterizing can
be more easily measured. The coefficients are eddy diffusion coefficients and eddy
viscosity. Dispersion is considered as a gradient process like diffusion and its
magnitude depends on the shear in the horizontal velocity, combined with the
vertical turbulent diffusion. The physical processes active in the coastal zone are: (a)
aerodynamic such as air-sea interaction, aeolian transport, (b) hydrodynamic
processes such as waves, currents and water levels, (¢) morphodynamic, such as
sediment transport and bed evaluation, (d) geodynamic, such as subsidence, uplift,
earth-quakes, sliding, and (e) eco-dynamic such as organisms, plants, nutrients,

chemical reactions etc.

Coastal evolution is a highly non-linear, three dimensional and time dependent
product of morphodynamic processes that occur in response to the external (partly
stochastic) hydrodynamic and aerodynamic (wind blown sand) conditions. The most
basic hydrodynamic forces in the coastal zone are: (a) breaking waves and wave-
induced currents in the surf zone and varying over the seasons, under calm
conditions the surf zone may be reduced to a narrow swash zone, but under storm
conditions it may extend offshore to depths of 8 to 10 m, where the waves first begin
to break, and (b) non-breaking irregular waves combined with tide, density and

wind-induced currents in the shoreface zone, seawards of the surf zone.

Mass transport in the near water surface region is considerably enhanced in breaking

wave conditions. When oblique incident waves break in the nearshore zone, a

14
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complicated current pattern is generated in the surf zone, which consists of
longshore currents and offshore return currents the near bed region (undertow). The
mean currents interact with the instantaneous wave orbital motions, yielding a
complicated time dependent 3-D pattern. The generation of the longshore and cross-
shore mean currents can be explained by the radiation stress concept (Longuet-
Higgins and Stewart, 1962) which describes the momentum flux associated with
waves. The gradient of the onshore radiation stress component is balanced by the
pressure gradient related to the water surface set up in the surf zone. As a result of
the onshore mass transport in the near surface region and the mean water surface set

up, an offshore return current is generated below the trough level.

The longshore current is largely confined to the surf zone [Longuet-Higgins (1970),
Komar (1971), Sonu (1972), Noda (1972)] and rapidly decreases in velocity
seawards of the breaker line. The longshore velocity is found to be strongly related
to the wave height decay in the surf zone and the orientation of the wave crests. The
beach slope appears to be of less importance. In nature wave induced longshore
currents are often enhanced by wind induced currents. Analysis of fluid data has
shown that (Church and Thornton, 1992) the cross-shore distribution of the
longshore currents is rather insignificant to the contributions of individual waves in
a random wave field. Reasonable agreement between measured and computed
longshore velocities can only be obtained (Van Rijn and Wijnberg, 1994) by

introducing a longshore water surface gradient in the inner surf zone.
The main hydrodynamic parameters in the coastal zone are: (a) wind induced waves,
(b) tide induced waves and currents, (c) wind induced currents, (d) density induced

currents and (e) wave induced currents.

(a) Wind induced waves: Wind induced waves with typical wave periods of 5 to 15

seconds propagate into shallow water and are affected by reflection, refraction,
bottom friction and shoaling phenomena and finally by wave breaking in the surf
zone. The wave climate factor is expressed by: (i) low wave energy [Hs<0.6m], (ii)
moderate wave energy [Hs=0.6-1.5 m], and (iii) high wave energy [Hs>1.5m],

where Hs is the annual mean significant wave height at the edge of the surf zone.
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Low frequency wave motions with periods of 15 to 100sec are present inside and
outside the surf zone, especially during rough weather conditions. Incident waves
coming from the sea to the shore line can be categorised as wind waves and swell,
bound long waves, which travel with a group velocity of wind waves, and free long
waves. Waves moving in a wind field will be propagated in the main wind direction
and may move out of the wind field to become more regular and symmetric, with

long crests and swell waves.

(b) Tide induced waves and currents: The generation of the astronomical tide is the

result of the gravitational interaction between the sun, the earth and the moon. The
tidal range is a maximum (spring tide) when the sun and the moon are in a line, and
a minimum (neap tide) when the sun and the moon are at right angles. Tidal waves
have typical periods in the range of 12 to 24 hours. The propagation of tidal waves is
affected due to geometrical effects of the nearshore area, by damping due to bottom
friction, by reflection against boundaries and by deformation due to differences of
propagation velocities under wave crests and wave troughs. The rotation of the Earth
introduces an apparent force (Coriolis force) acting on the fluid which is directed
perpendicular to the direction of the fluid where (h>20m). Tidal currents are
controlled by pressure gradients (mean surface slope, fluid density variation),

bottom friction (dominant in depths smaller than 10m) and Coriolis forces.

(c) Wind induced currents: There are two types of wind induced currents, one is

wind drift currents of relatively short duration generated by local storm winds and
the other is large scale circulation systems generated by long duration effects, such
as zonal winds and atmospheric pressure systems. When the wind is blowing in a
certain direction in deep water, current velocities will be induced in that direction
and due to Coriolis forces also in various other directions. In shallower water near
the coast (h<10m) the current responds rapidly to wind stresses and the surface
current tends to be aligned with the wind direction. Storm surges of several metres
high in the neashore zone can be generated by the direct effect of onshore wind
forces, the action of Coriolis forces and by inverted barometric effects of low

atmospheric pressure.

16



Chapter 2 Literature Review

(d) Density induced currents: Density induced currents are related to spatial density

gradients of the fluid sediment mixture due to variations of temperature, salinity and
sediment concentration. The density gradient effect is most pronounced in the near
bed region yielding relative large on-shore near bed velocities during flood tides and
relatively small offshore velocities during ebb tide. As a result a near bed residual
current is generated, which may cause a net landward transport of sediments, with
the process being reversed and yielding a residual seaward flow near the water

surface.

(e) Wave induced currents: The wave and current fields interact mutually through a

number of mechanisms which are: (i) refraction of waves by horizontal currents, (ii)
generation of near bed streaming by waves, (iii) generation of longshore currents by
breaking waves, (iv) modification of wave kinematics by the currents, (v)
enhancement of the bottom friction experienced by the currents due to interaction
with the wave boundary layer, and (vi) enhancement of the bed shear stresses and

energy dissipation of the waves due to interaction with the current boundary layer.

There has been much research undertaken in both estuarine and nearshore dynamics
and the rest of this chapter will focus on previous investigations undertaken by
several researchers. The studies on estuarine and nearshore hydrodynamics will be
categorised into different sections as field work, laboratory experiments, theoretical
investigations, sediment transport and numerical modelling. The intention is to
provide a clear picture of the nature and complexity of the coastal zone and the

diversity of the research in each of the individual fields described above.

2.4 Tidal Effects in Estuarine Waters

In recent years there has been an increasing interest in understanding the flow
mechanisms associated with tidal fluctuations, river discharges, pollutant
distributions, water quality monitoring and seasonal effects, particularly since the
prediction of flow fields and transport processes in coastal and offshore waters are

being increasingly determined by numerical model solutions. There have been
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numerous field studies undertaken to understand the mechanisms of shallow water
flows, which in turn helps to solve environmental and civil engineering problems. It
is very difficult to study an estuary using physical models due to scale problems
with such large domains. However, some work has been done which focuses on
specific parameters in laboratory model investigations. Also there has been much
research undertaken on developing different theoretical formulations for estuarine
hydrodynamics. The different studies undertaken for the above three categories will

be reviewed in the following sections.

2.4.1 Field Work

A semi-enclosed water body located at the Gulf of Kutch was numerically modelled
with the help of information on tides and currents by Unnikrishnan et al. (1999).
There were regular tidal measurements at different locations and the important tidal
constituents were developed for documentation, which showed that the semidiurnal
tides were amplified more than the diurnal tides. Jones (2000) examined wave
observations at two shallow water sites in the UK, which showed significant
variations at semi-diurnal frequencies, period, amplitude and direction for semi-
diurnal tides. The interaction between tides and waves was studied using linear wave
theory refraction, with emphasis being focussed on slowly varying currents and
depths. A study of tidal mixing through two constrictions at the entrance of an
estuary in Canada undertaken by Isachsen and Pond (2000). Observations were
taken during spring tides with small floods bringing external water into the basin,
and with large flood resulting in intrusions of highly mixed water, of lower density.
During neap tides the density decreased slowly and turbulent vertical diffusion was

the dominant process along the estuary.

A field study was undertaken by Wolanski et al. (1984) in Australia to observe the
large-scale eddy structure in the lee of Rattray Island. Separation occurred at the tip
of the headland. A detailed field study was undertaken using current meters and they
showed the positive effect of using Landsat imagery and aerial photographs for
visual observations, which helps researchers a lot. Lessa (2000) measured the

monthly tide and current velocities in two shallow macrotidal estuaries in Australia
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and showed that the hydrodynamics were controlled by the depth of the channel bed
across the ebb tidal delta and the elevation of the mangrove banks. It was possible to
analyse this dynamic behaviour, as there were large differences between spring and

neap tidal ranges.

Process modelling was believed to give better insight into the respective roles of
tides and waves in driving long-term morphological changes. The coastal
morphodynamic processes around tidal inlets in mixed energy environments are
very complex, as observed by Cayocca (2001) for Archachon Lagoon, France.
Several tide and wave conditions produced significant bathymetry changes as time
scales varied from hours to decades or centuries. Tonis et al. (2002) studied from
1970 to 1999 the closure of Harlingvliet estuary by the construction of a dam with
sluices. The structure had a profound effect on the hydrodynamics and morphology
of the area. Morphological adaptation processes of an estuary after major human
intervention are very complex and long-term bathymetric analysis might reveal the
key parameters. Van Rijn et al. (2003) showed the prediction of coastal processes
like beach and coastal profile modelling during the EU-COAST3D project.
Deterministic and probabilistic profile models have been compared with
hydrodynamic and morphodynamic data of laboratory and field experiments which

provided the in-depth characteristics of these kind of modelling.

Field tests were carried out through a tidal cycle in a tide dominated shallow water
reach of the English channel by Chapalain and Thais (2001). The purpose was to
test a new sand trapping system, that enabled measurements of horizontal transport
rate of suspended sand in the boundary layer in multi-directional unsteady currents.
The amounts of sediment trapped in different directions were compared with
theoretical studies and the trap appeared to be a promising tool for future
measurement. Hossain et al. (2001) investigated suspended sediment transport and
sediment dynamics in a sub-tropical estuary in Australia. The estuary received net
sediment input from the continental shelf during low flow months and exported
sediment to the shelf during high flows, and depending on the magnitude of the
flood. The net accumulation of sediment in the estuary for all post flood recovery

stages was observed.
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2.4.2 Laboratory Experiments

Tidal circulation, tidal current patterns, sediment movement and wave action are all
very important phenomena in estuaries and which can be understood through
laboratory flume studies. However, it is very difficult to replicate a prototype estuary
in a physical model in a laboratory due to scaling problems. Though scientists and
hydraulic engineers have tried to construct prototypes from as early as 1885. Tidal
circulation and tide induced depth averaged velocity distributions were studied using
both physical and numerical models for square and rectangular harbours by Nece
and Falconer (1989). Velocity distributions of the complex tidal eddies within the
harbour were compared for different distortion ratios to investigate the influence of
distortion and results showed little variation in velocity distributions for both flood

and ebb tides.

Price and Thorn (1994) described the history of the development and importance
of physical models and postulated that a properly designed physical hydraulic model
could reproduce accurately tidal wave propagation and tidal currents, including
secondary flows. The principal disadvantages were cost and relative inflexibility.
McAnally and Mehta (2002) examined the aggregation process by which the
properties of suspended fine sediment particles changed during transport, for the
simple case of deposition of estuarine sediments in a flume. A multi-class model for
aggregation was combined with a one-dimensional, unsteady multi class sediment
transport model to calculate the deposition rate for two flume experiments. The
results suggest that multi class fine sediment aggregation plus deposition
calculations can produce more realistic results than the single class calculations for

estuaries.

2.4.3 Theoretical Investigations

Tidal motion is an important challenge to coastal engineers and to describe tidal
phenomena qualitatively different tidal theories have been proposed by researchers
from as early as the seventeenth century. Kalkwijk and Booij (1986) implemented

an approximate method for convection of momentum of the secondary flow to solve
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the generation and decay of secondary flow in steady or quasi-steady nearly
horizontal flow models. The method included both the Coriolis acceleration and
curvature and showed that their effects were almost equivalent. Results for
secondary flows were verified by comparison with flume results and satisfactory
answers were obtained. Dalrymple (1994) developed the water wave theory in the
context of the current digital computer. He showed that the classical linear wave
theory by Airy was the simplest, with drawbacks, but despite these assumptions it
still had a wide range of applications. Airy theory is useful for a first estimate of

wave properties but for design purposes non-linear wave theory should be used.

One of the important parameters in shallow water wave motion is the presence of
turbulence as discussed by Rodi (1994). Turbulence is responsible for carrying
sediments, governs the bed of coastal and estuarial regions, diffuses and disperses
effluents from industry, urban pollutants and agricultural waste. He emphasises the
importance of the development of turbulence modelling for practical applications.
Kuo et al. (1996) formulated the bottom shear stress boundary condition for an
unsteady tidal flow model. Numerical experiments for a hypothetical homogeneous
estuary indicated that the error in the calculated bottom stress increased with the
vertical grid spacing when a logarithmic profile was used to relate the bottom stress
to the velocity. The use of this formulation, which included a correction term,

significantly reduced the error for a wide range of vertical grid spacings.

Accurate predictions of tides can only be possible for a long period of measurement
(>1 month), but Yen et al. (1996) proposed a method of harmonic tidal analysis
which enables tides to be predicted for short lengths of measurement. The main
parameters, such as amplitude and harmonic components were estimated by the
Kalman filtering technique using a few days of tidal records and the assumption of a
known angular frequency. Flick et al. (2003) suggested that studies concerned with
present and future water levels should take into account more tidal datum statistics
than just mean sea level (MSL). He showed that in SanFrancisco the diurnal tidal
range increased by 64 mm from 1900 to 1998. Several stations in the USA showed

rates of increase of mean high water (MHW) that were about twice those of mean
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sea level (MSL). Hence for long term coastal planning these changes should be

taken into account.

2.5 Wave Effects in Coastal Waters

Waves play a dominant role in the nearshore zone, which is often in a constant state
of change. Wave processes are responsible for large oscillatory fluid motions, which
generally drive currents and as a result sediment transport occurs and the bed level
changes. During their propagation to the shore, the relatively well organised motion
of offshore waves are transformed into several motions of different types and scales
and are subjected to: shoaling, refraction, reflection, diffraction and breaking. Wave
breaking occurs when the fluid velocities of the wave crest tend to become equal to
the wave propagation velocity. Wave breaking mainly occurs in the surf zone and

the main types of breaking are dependent upon beach slope and the wave steepness.

2.5.1 Field work

Field investigations of short period waves are inherently difficult to undertake, with
difficulties including the uncertainties about some aspects of incident waves, the
bathymetry and boundary conditions. The effective reflection coefficient can rarely
be estimated with precision. Despite the impossibility of getting highly accurate and
controlled field data, these are extremely valuable for rough validation to ensure that
the chosen parameter values within the range can provide reasonable results.
Thomson et al. (1996) verified their numerical model HARBD against field data for
Kaumalapau Harbour, Hawaii, to demonstrate the effects of input parameters on
model results and provide guidelines about the choice of parameter values in further

modelling studies.

In recent years, there have been numerous studies on nearshore waves and currents
and various theories have been proposed by different researchers. These theories are
not always validated because of the lack of precise field data and also sometimes the

accuracy of numerical models cannot be established due to a scarcity of precise field
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data. The main difficulties for field exploration are the spatial distribution, rough
waves and currents in the surf zone and time dependency. Sasaki et al. (1976) made
a significant development with regard to establishing a new field observation system
called STEREO-BACS, which consisted of a pair of balloons. The aim was to
achieve simultaneous measurements of spatial distributions of nearshore waves and
currents over a relatively broad area. Dingemans et al. (1984) showed the accuracy
of CREDIZ, a wave propagation model used in a field study in south-western part of
the Netherlands. The authors emphasised choosing the input parameters carefully for
better results, such as the breaking criteria and friction coefficient. Field data of fluid
motion presented by Guza and Thornton (1985) might be useful for the evaluation
and construction of sediment transport models, they also reviewed some sediment
transport models from their field velocity data relevant to nearshore transport.
Recent advances in current meter technology have made possible the gathering of
large sets velocity field data. These observed field values from Torry Pine Beach,
California showed good accuracy with low order normalised moments and with

theoretical assumptions.

It is very important to evaluate the wave field with good accuracy to predict properly
the beach evolution due to construction of a coastal structure or due to severe wave
conditions. Many researchers have pursued research to verify the field applicabilities
of both the parabolic models and energy flux models against field data. Much
research has been based on practical field observations. Antia (1989), Frihy et al.
(1991), Shimizu et al. (1992), Kumar et al. (2001) showed the importance and
significance of field validation. Antia (1989) made investigations along a 3km long
high energy sandy beach in Nigeria to find out the volumetric beach change under
the existence and extinction phases for beach cusps. The author suggested that the
results of systematically obtained field data on beach changes under different cusp
phases over a prolonged period of time were very beneficial to coastal engineering
practise. Frihy et al. (1991) studied coastal processes along the Nile Delta, Egypt,
and showed the response of beaches due to offshore construction, geomorphological
shoreline features and large scale changes in shoreline orientation due to erosion and
accretion. He drew multiple indicators from sand blockage to grain size variation to

understand the sediment transport pathways. Shimizu et al. (1992) verified the field
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applicability of the parabolic equation model (PEM) and energy flux equation model
(EFEM) with field data from Tamioka fishery harbour facing directly towards the
Pacific Ocean and with a complex bathymetry. These kinds of field data have
enabled the establishment of numerical models which can use for practical
applications. According to Kumar et al. (2001), accurate estimates of wave height
and direction at the breaker line are required to predict the longshore current and
sediment transport rates. The longshore sediment transport rate was estimated along
a beach in India and a comparative study was undertaken for theoretical and

measured rates.

Some field studies have been undertaken directly to establish the beach dynamics
and in recent times these studies have increased significantly because of its
importance for the design of beach nourishment projects and coastal structures. The
wave climate within a coastal bight is spatially complex as it consists of several
offshore islands, shallow banks and submarine canyons. The field data obtained
from this kind of area is very important to validate the numerical model which can
be applied to other similar areas. O’Reilly and Guza (1993) used a spectral
refraction model (R-model) and a refraction-diffraction model (RD model) to
simulate the propagation of surface gravity waves across the southern California

Bight with good result predicted.

There has been a lot of field work undertaken to observe the nearshore dynamics and
results obtained can provide new methods of erosion control for severely eroding
beaches, exact location of offshore structures to prevent wave overtopping and tidal
surge, water quality monitoring for safer beaches etc. An extensive field experiment
was undertaken by Kirk (1992) in New Zealand to provide a solution for a severely
eroded and inundated hazard complex. The experiment was monitored for combined
beach reconstruction and re-nourishment for 5 years for the extensive analysis of
coastal hazards. Field experiments have shown that difference in beach erosion
between steep slopes and gentle sloping beaches, based on the theory of generating
gravity waves. Katoh (1994) had studied the physical difference of beach erosion in

experimental flume and field and conclude that the incident wave was predominant
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in the wave run up phenomena on the steeper beach while the infragravity waves

were predominant on the gentler beach.

Schoonees and Theron (1993) showed that the accuracy of formulae for predicting
longshore sediment transport in the surf zone depended on a limited number of field
measurements which exhibit scatter. The author suggested that high quality
measurements were needed to improve the accuracy of predictive empirical
formulae and to understand their range of applicability. Wang and Kraus (1999)
undertaken the measurement of longshore sediment transport using different
methods, such as sand tracer, impoundment and sediment traps, and discussed the
various processes and their merits. Nordstrom et al. (2003) discussed the difficulty
of predicting longshore sediment transport due to a lack of field data, especially for
low energy beaches. Most studies have been undertaken for beaches with well
developed and gently sloping surf zones, which make it difficult to apply the results
for estuarine beaches.

2.5.2 Laboratory Experiments

The prediction of shoreline evolution is one of the main challenges in coastal
engineering owing to the important social and economic developments often being
undertaken in the coastal zone. It is a difficult to undertake laboratory experiments
of a prototype of nearshore circulation and transport patterns, but laboratory
experiments provide some very useful knowledge about wave breaking patterns,
breaking criteria, direction of waves and sediment transport patterns. Fiihrboter
(1986) explored the wave impacts and wave runup in a prototype tank. To design a
navigation channel and breakwaters, information about the wave fields between the
breakwater for different incident waves were needed. Liu and Boisservain (1988)
presented a numerical model for computing wave propagation between two
breakwaters and numerical results were compared with data measured during two
laboratory experiments. Laboratory data sometimes provide the essential basis for
any theoretical or numerical model study. A small scale experimental study was
undertaken by Dulou et al. (2002) for sand bar formation under breaking waves,

based on accurate and simultaneous analysis for spatial variations of wave height
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and bathymetric profiles. This type of experiment helps to deal with hydrodynamic

forcing developed by sand bars and to observe the corresponding pattern.

Theories of longshore currents have progressed much after the introduction of the
radiation stress by Longuet-Higgins (1972). The theoretical achievements obtained
have been considerable, but some assumptions were still crude and have needed
comparison with accurate experimental data to evaluate the theoretical results and to
establish guidelines for improving the theory. Visser (1991) undertake a detailed
experimental study on longshore currents in a wave basin, with a pumped
recirculation system and minimal return flows in the offshore region, with the
currents being accompanied with longshore currents. The experimental results were
presented for different wave fields, beach slopes and beach roughness. The wave-
induced currents associated with cusped beaches are important for large scale
horizontal mixing process. Borthwick et al. (1997) observed nearshore currents in a
sinusoidal multicusped beach. Horizontal spatial patterns of the currents were

determined by digital image analysis to show stable meandering longshore current.

The morphological behaviour of nearshore bars and the associated net sediment
transport rates under the influence of wave action, wave and tide induced currents
are poorly understood. Grasmeijer and Van Rijn (1999) showed that the physical
processes related to sand transport under breaking waves over a nearshore bar and a
series of flume experiments with an artificial sand bar, exhibited the importance of
the mean and oscillatory sand transport along a barred profile and highlighted that
the processes were very difficult to measure. Mizuguchi and Horikawa (1976)
performed several laboratory experiments to observe the current system by changing
parameters like d, T, Hyo/Ly, H; and showed that outside the breaker line the offshore
current velocity decreased so that it might be reasonable to neglect the radiation
stress in this region. The experimental results suggested that the wave current
interaction had two aspects, one was the wave number interaction and the other was

the energy coupling, which contributed to modifying the wave height distribution.

Beach profile evolution was examined in a Large-Scale Sediment Transport Facility

(LSTF) by Wang et al. (2003). Unidirectional irregular waves were generated over
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a fine sand beach and measurements of the waves, currents and sediment transport
under spilling and plunging breakers were taken. This experiment demonstrated the
mechanism of beach evolution and the process for shoreface equilibrium, which

provided very useful information for other researchers.

2.5.3 Theoretical Investigations

The interaction between gravity waves and currents have attained increasing
attention over the past three decades. A general understanding of mechanisms and
processes governing the flow field in water waves in the surf zone is still an
outstanding problem in fluid mechanics. Several theories have been proposed to
make it possible to identify the characteristics of the flow. The works by Longuet-
Higgins and Stewart (1960) showed the mechanism of radiation stress, which made
it possible for proper theoretical determination of wave thrust, mean energy flux and

energy dissipation.

A new qualitative picture of the breaking process was developed by Basco (1985),
presenting major features and patterns of motion of water waves just after breaking.
He observed the patterns of spilling and plunger type breakers, where the
overturning jets created a second surface disturbance distinctly separate from the
original breaking wave. Wu and Thornton (1986) showed a direct method of
solution for wave numbers of linear progressive waves with an explicit solution
which had an accuracy better than 0.05%. Numerical examples proved that for a

desired accuracy this method could save significant amounts of computing time.

Bishop et al. (1992) compared the empirical steady-state wave prediction method
given in the Shore Protection Manual (1984) with measured wave data and with
three other wave prediction formulae proposed by Sverdrup-Munk-Bretschneider,
Jonswap and Donela and the 1977 SPM version. Results showed that the 1984
formula overpredicted the wave height and period and was the poorest predictor.
Hence, the authors suggested modifications and revision to the original version. A
coastal profile under combined action of cross-shore and longshore transport

processes for oblique wave incidence was studied by Elfrink and Deigaard (2000).

27



Chapter 2 Literature Review

The bed shear stress and turbulence associated with longshore wave-driven currents
was important for cross-shore circulatory flow and sediment transport and by
including this interaction, the modelling of profile development and distribution of

longshore currents was found to be more consistent.

Boussinesq-type equations have been commonly used to describe weakly nonlinear
and dispersive wave propagation in shallow water. Chen and Liu (1995) re-derived
the modified Boussinesq equations by Nwogu(1993a), as the major limitation was
that this equation was only applicable to relatively shallow waters. They assumed
the weak nonlinearity represented by the ratio of the wave amplitude to the water
depth was of the same order of magnitude as the frequency dispersion, denoted by
the square of the ratio of the water depth to wavelength. To investigate the
interactions between current and non-linear shallow water wave, Yoon and Liu
(1986) used the Boussinesq equations to derive the evolution equation for spectral
wave components. The current intensity was assumed to be larger than the leading
wave orbital velocity and smaller than the group velocity. Schaffer et al. (1993)
solved the Boussinesq equations in a one dimensional model and extended their
solution to describe conditions in the surf zone. This solution can represent the

initiation and cessation of wave breaking over a bar, breaking point, wave setup etc.

Another type of wave equation has been derived by several authors which can take
care of refraction and diffraction, but both factors together were first taken care of
by Berkhoff (1972). He derived a two-dimensional differential equation for
combined refraction-diffraction for simple harmonic waves and also a method for
solving this equation. The theory was restricted to irrotational linear harmonic waves
and loss of energy due to friction or wave breaking was not accounted for.
Panchang et al. (1988) obtained a method of solution for the combined refraction-
diffraction equation over a large domain. This equation was modified to the reduced
wave equation and the elliptic boundary value problem was solved by the marching
or ‘Error Vector Propagation’ [EVF] method. The solution method was direct and
eliminated computer storage problems associated with large matrices obtained in

standard methods.
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The propagation of periodic, small amplitude surface gravity waves over mild-slope
can be described by the solution of the reduced wave equation with appropriate
boundary conditions. Radder (1979) derived a parabolic equation in shoaling
waters, with the approximation being made of splitting the wave field into
transmitted and reflected components and the solution of this equation was
undertaken using a finite difference algorithm. This parabolic equation can be
applied to short period wave propagation in large coastal areas with complex bottom
topographies. Kirby and Dalrymple (1984) verified that a parabolic equation for
weakly non-linear waves based on the Stokes expansion, was capable of predicting
accurate results for cusped caustics and there was a difference in the predictions for

linear and non-linear models when applied to laboratory data.

The parabolic method for wave propagation proved to be very effective and a rapid
method for calculation of the surface wave field for water of varying depths,
including refraction and diffraction. Dalrymple and Kirby (1988) developed a
wide-angle parabolic model to describe the diffraction of linear water waves for a
bathymetry of parallel bottom contours by using the Fourier transform. Kirby
(1988) applied the parabolic equation method [PEM] for surface wave propagation
in a non-Cartesian co-ordinate system. The transformed governing equation led to a
model whose results were in close agreement with laboratory data for the case of
waves propagating into a breakwater type harbour. Dalrymple and Kirby (1994)
examined the propagation of waves in curved channels of constant depth, which
were annular in plan-form. The wave field within the channel was predicted by an
analytic solution, a parabolic solution and spectral methods for a given wave height.
All of the methods gave good results for narrow channels, but errors began to

increase as the channel width increased.

The mild-slope equation is a vertically integrated refraction-diffraction equation
used to predict wave propagation in a region with an uneven bottom and based on a
mild bottom slope. Booij (1983) developed the mild slope equation and examined
the accuracy of this equation as a function of the bottom slope. Several numerical
experiments were carried out to check on the range of slopes for which the mild

slope equation can be used. He found that for waves propagating parallel to the
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depth contours accurate results were obtained even if the bottom slopes was of order
1, but for waves propagating normal to the depth contours the equation could only
be used for a bottom inclination up to 1:3. Madsen and Larsen (1987) derived a
differential equation where the stationary part was reduced to an elliptic mild slope
equation as this approach reduce the computational effort of large model areas. The
mild slope equation was preferable to use for wave induced currents in the surf zone

as it reduced the computational effort involved in modelling.

Li and Anastasiou (1991) used the multigrid method to solve the elliptic form of
the mild slope equation for water wave propagation over large areas and in the
presence of currents. They also considered the effects of shoaling, refraction,
diffraction and wave breaking. The governing equation was recast in terms of
unknown variables, which varied slowly over a wavelength and thereby required
fewer computational points per wavelength than full elliptic or hyperbolic solvers.
Yu et al. (1992) extended the mild slope equation to simulate nearshore wave
transformation including breaking. They summarised different boundary conditions
with a physical background, and included the amplitude of the water surface
elevation and its normal derivative. The set of equations were discretised using the
finite element method and the computational results gave good agreement with the

measured data.

2.6 Sediment Transport Processes

Most marine sediments are derived from the weathering of rock on land by the
action of wind, water and ice, and under the influence of temperature, pressure and
chemical reactions. The types of sediment that can be distinguished are: (a)
lithogenous (quartz and clay mineral): entering the sea as discrete particles (e.g.
boulders, stones, gravel, sand, silt and clay), (b) hydrogenous: sediments that are
formed by precipitation from the sea-water (e.g. salt type sediments, manganese
modules), and (c) biogenus: sediments that are formed by organisms (e.g. coral and

shell sands).
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Estuarine and coastal suspended sediment dynamics is a complex phenomenon, with
the sediments in estuaries and coasts undergoing a series of processes such as
erosion, deposition, advective and diffusive transport (Lin and Falconer, 1996).
The rise and fall of the tide governs the magnitude of the oscillatory currents. During
a tidal cycle the concentration of the suspended sediment in the turbidity maximum
varies due to erosion and deposition, such that it is not simply the residual water

circulation that causes sediment circulation (Dyer, 1986).

Sediment samples from beaches and shore faces exhibit different grain sized
material, which may be interpreted as indicators of a certain mode of transport.
Sediment can be transported by wind, wave, tide and density driven currents or by
oscillatory water motion due to the deformation of short period waves under the
influence of decreasing water depth and by a combination of currents and short
period waves. In the surf zone sediment transport is dominated by waves, through
wave breaking and wave induced currents in the longshore and cross-shore
directions. The near bed oscillatory water motion and also the wave breaking
processes bring large quantities of sand into suspension, which can then be

transported as suspended load by tides, and wind and wave driven currents.

2.6.1 Tidal Effects on Sediment Transport Process

A conceptual model exhibiting the effects of a particular size of sediment on the
transport rate of other sizes was proposed by Misri et al. (1984) and experimental
measurements of the bed load transport rate of different fractions in a mixture were
provided. The experimental data were analysed to show the accuracy of existing
methods and a new proposed method for the computation of bed load transport. Hu
and Hui (1996) showed that the mechanical characteristics of saltation of bed load
transport for flowing water. Experiments had been carried out by means of high-
speed photography and advanced data processing techniques to show the relation
between magnitude of saltation parameters and flow intensity. Ruhl et al. (2001)
described the spatial and temporal variations of suspended sediment concentrations
(SSC) in San Francisco Bay, as affected by turbulence, semidiurnal tides, the spring-

neap cycle, seasonal winds and freshwater flows. The authors produced a synthesis
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of high resolution temporal SSC data, with aerial coverage of satellite imagery to
provide the information needed to document the physical processes controlling the

SSCs in the bay.

Teisson (1991) suggested that the prediction of movement of very fine sediments in
coastal and estuarine waters was of major importance. The relative failure to gain
accurate results might not come from the numerical techniques so much as the
incomplete knowledge of basic processes, such as deposition, erosion and
consolidation of cohesive sediments. The unsatisfactory predictions related to
discrepancies between physical laws and prototype behaviour should be taken into
serious consideration. Falconer and Chen (1996) described tidal floodplains as
complex ecosystems serving as a meeting point between land and sea and an
important source for coastal aquaculture, acting as a natural filter for suspended
material and offer effective flood protection to low lying areas. The authors
suggested that when a tidal floodplain need to be enhanced, restored or studied, it is
very important to identify the most significant hydrodynamic, sediment flux and

water quality processes at the site.

A theoretical and an experimental study to validate an asymptotic solution of the 2-
D convection-diffusion equation for a depth integrated model of suspended sediment
transport was undertaken by Wang and Ribberink (1986). The theoretical study
provided some parameters to validate the flow and sediment transport model and
was in good agreement with experimental study. Wang (1992a) generalised the
depth-integrated model for suspended sediment transport based on an asymptotic
solution of the convection-diffusion equation, originally developed by Galappatti.
The validity and applicability of the model was studied by analysing the
convergence of the asymptotic solution and also the morphological behaviour of the

model.

Lin and Falconer (1995) refined a boundary fitted finite-difference numerical
model to predict 2-D depth-integrated tidal flows and extended this model to include
sediment transport processes. The ULTIMATE QUICKEST scheme was used to

solve the advective terms, the advection-diffusion equation for suspended sediment
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transport. Yoon and Kim (1995) presented a quasi-3D hydrodynamic model capable
of integrating the logarithmic velocity distribution and also incorporating the wake
function by including the pressure gradient and bed roughness. The model computed
the 3-D velocity field from the 2-D depth-integrated velocities.

Lin and Falconer (1996) described the development and application of a 3-D layer-
integrated model to predict suspended sediment fluxes in estuarine and coastal
waters. The finite difference technique was used to solve the equations of mass and
momentum, and the operator-splitting technique was used to solve the transport
equation for suspended sediments. Mason et al. (1999) presented an illustrative
sediment transport measurements over a large dynamic intertidal area at a reasonable
cost and for a spatio-temporal resolution. They used the waterline method,
consisting of remote sensing and hydrodynamic modelling. Areas and volumes of
deposition and erosion were measured in a study area in the UK for S years and tidal
asymmetry was considered to be the dominant agent of the sediment movement,
with waves being of secondary importance. Wu and Shen (1999) presented an in-
depth study of estuarine sediment movement by applying the McLaren model in
coastal areas with multiple sediment sources. This model was applied to calculate
the sediment transport trends in south China and the results were in good agreement

with the observed hydrodynamics.

Berg and Van (1993) tested three equilibrium sand transport formulae [Ackers and
White (1973), Engelund and Hansen (1967) and Van Rijn (1984b)] to predict the
suspended bed material transport rate in the Yellow River, China. The Van Rijn
function produced the best results, with the Engelund-Hansen equation giving better
results at low flow stages, and the Ackers-White formula overpredicting the
measured values. Some modifications were proposed to the Van Rijn formula for
flows over very fine sand and silt. Patel and Ranga Raju (1996) conducted
extensive experiments on fractional bed load transport and analysed their data, as
well as data available from other sources, for a wide range of flow conditions and
sediment non-uniformity. An empirical relationship was proposed, incorporating

several parameters which influence the bed load transport of non-uniform sediments.
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The measuring techniques for coastal sediments in the field, which were categorised
as total or suspension traps, tracers, optics, acoustics, impact, conductivity and
radiation was investigated by White (1998). The use of each method depends on
different situation and reasons. Each technique had a unique history of development,
theory of use, means of translating the data, advantages and limitations, problems
during use and the solutions to these problems. The accuracy and cost of different
methods was compared. The author showed that there was no systematic plan for

correcting these measurement deficiencies which was certainly needed.

2.6.2 Wave and Current Effects on Sediment Transport Process

The ability to improve our knowledge of predicting the sediment transport rates of
all physical parameters is important in coastal engineering practise. Wave induced
longshore currents are assumed to be the result of a balance between a gradient of
incident wave radiation stresses, a gradient of horizontal turbulent Reynold’s
stresses and bottom friction acting along the longshore current. These three
balancing forces are parameterised in terms of easily measured macroscopic profiles

of flow.

Huntly (1976) undertook experiments on a shallow beach with two component
flowmeters to measure cross-shore and longshore currents along a line normal to the
shoreline. The theories used to predict the longshore currents included a number of
uncertainties, but mainly the parameterisation of the Reynolds stress, bottom friction
and turbulence. The author suggested a new hypothesis for longshore currents with
success. Davies and Villaret (2000) presented a model which included the ‘wave
related’ component of the suspended sediment transport rate, the duration of
transport where waves and currents were superimposed at some general angle of
attack and the adaptability of the model to transport above rippled beds. The authors
emphasised that the practical role of this research model was still probably to

improve existing engineering formulations.
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A knowledge of sediment transport due to wave action is required to understand the
dynamic processes of nearshore morphology. Wave induced sediment transport is a
complicated phenomenon particularly due to unsteady flow characteristics, and the
presence of turbulence and interactions between the fluid flow and sediments.
Progress in this study is depended upon appropriate theories. Weggel and Perlin
(1988) highlighted a statistical method for of presenting the longshore transport
environment for any coastal site in terms of six parameters. The total population was
separated into two positive and negative transport processes, each of which was
derived by a log-normal probability distribution. Among the six parameters, two
were the mean and standard deviation that define the two log-normal distributions

and fractions of time the transport was positive or negative.

Schoones and Theron (1994) investigated the accuracy and applicability of the
SPM (Shore Protection Manual) formula which predicts the time averaged longshore
sediment transport rate. This formula is possibly the most widely used and its
accuracy is of prime importance. Several variations of this formula were tested
against comprehensive data sets and guidance was given as to its use for coarse bed
material. A number of methods from the SPM formula were used to compute the
longshore sediment transport for waves and were then compared and correlated by
White (1994) based on offshore wave gauges. White specified the circumstances
under which an equation performed well, bad or moderate. The placement of wave
gauges and the method of analysis were thought to increase the probability of

obtaining good estimates of the longshore transport from directional wave data.

The ability to predict accurately longshore transport rates is essential for many
coastal engineering applications. An analytical formula for longshore bed load
sediment transport was derived by Damgaard and Soulsby (1996) based on the
sediment physics and was therefore less dependent on calibration. This method was
compared with the CERC 1977 formula, numerical model and field data results and
a correction factor was introduced for the simplified assumptions made in the
analytical formula. Schoones and Theron (1996) identified a universally applicable
formula for longshore transport processes and tested it against a comprehensive data

set. Nakamura et al. (2000) presented a method for evaluating nearshore waves,
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currents and the cross-shore distribution of longshore sand transport rates for
obliquely incident regular waves. They recommended improvements in the

modelling of sediment transport processes under co-existent waves and currents.

The limited amount of high-quality field data available at present makes it difficult
to introduce parameters that would be applicable to a wide range of wave and beach
conditions. Bayram et al. (2001) evaluated the attributes of six well-known
longshore sediment transport formulae against high quality hydrodynamic field data.
Formulae by Bijker (1967), Engelund-Hansen (1967), Ackers-White (1973),
Bailard-Inman(1981), Van Rijn (1984) and Watanabe (1992) were investigated as
they were mostly widely used to calculate the time average net sediment transport
rate in the surf zone. Van Rijn’s formula was again found to yield the most reliable
predictions over swell and storm conditions, with the Engelund-Hansen formula also

being reasonably accurate.

The field investigation of longterm longshore transport rates is a complicated
process. It might be useful to be able to predict the maximum rates over shorter time
spans. Seymour and Castel (1985) measured nearshore directional waves several
times a day during 1979-1982 at seven West Coasts sites in the USA. Time series of
daily net longshore transport rates were estimated using the energy flux method. The
evaluation of episodicity in a non-dimensional sense was found to be accurate in the
study and might be useful for other studies. Cheong et al. (1993) showed the
application of a probabilistic approach to estimating the sediment transport rate
along the reclaimed shoreline of the coast of Singapore. Data were obtained by
radioactive tracer experiments and it was found that the transport rate per unit
transverse width of the beach was proportional to the effective depth of transport.
Ono et al. (1994) presented a procedure to estimate the vertical diffusion coefficient
and the reference concentration of the time averaged suspended sediment
concentration by waves and currents based on experimental results. Few studies
have been undertaken on the non-equilibrium suspended sediment concentrations
due to currents superposed on waves. These studies have shown that the non-
dimensional diffusion coefficient, normalised by the product of the shear velocity

and the equivalent roughness, were closely related to Shield’s number.
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The average values for the breaker height and angle for different months of a year
and the littoral drift for the Madras coast were computed by Prasad and Reddy
(1988). They outlined the geomorphological changes due to construction of a
harbour along the coastline and the various factors for the annual and seasonal
sedimentary patterns around the harbour based on surveys. Van Rijn and Kroon
(1992) presented a mathematical and experimental sediment transport modelling
process for the coastal environment. The convection-diffusion equation for
suspended sediment particles was used to compute the vertical distribution of the
time-averaged concentrations. They showed that the current velocity hardly affected
the near bed sediment concentration when the wave motion was dominant and the
sediment concentrations were maximum when the waves were directed normal to
the current. Briand and Kamphuis (1993) presented a promising approach to
sediment transport calculations in the nearshore area, in which quasi 3-D velocities
and local vertical distributions of suspended sediment concentrations were

combined.

A numerical investigation was presented by Savioli (1998) to predict sediment
transport rates under combined wave-current flows. This complex mechanism was
simplified into ideal cases as pure waves and pure currents. The predictions of the
model showed good agreement with the experimental measurements. Li and
Shibayama (2000) proposed a numerical method for the computation of longshore
currents based on the Boussinesq equation. The method was tested against the
laboratory data of longshore currents of Visser (1991) and showed good agreement.
The effects of side boundary conditions on the longshore currents were discussed
and a method to handle the side boundaries to obtain uniform longshore distributions

was proposed.

2.7 Numerical Model Studies

A numerical model is a tool used to describe a physical process in a rational way,
with the help of a series of mathematical formulations. Numerical models are used

to simulate and predict the behaviour of any physical process to a certain level of
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accuracy. With respect to coastal models, such tools represent the basic
hydrodynamic and sediment transport processes. In recent years a range of useful
numerical model concepts have been developed, which can be classified in two
categories, namely: process related models and behaviour related models. The main
objective of coastal morphological modelling is the large scale and long-term
behaviour of morphological features and systems in relation to human interference
or any physical process (such as climate change, high sediment discharges from
rivers, salinity levels, or wind, wave, or tidal effects). Long term morphological
changes are the result of a sequence of erosional and depositional events due to

variations in some or all of these physical processes.

In predicting wave behaviour in coastal regions, numerical wave propagation models
are now commonly used in engineering practise. The physical processes usually
accounted for in such wave models are shoaling, refraction and diffraction. Various
approximations can be derived from the well-known mild slope equation, in which
refraction and diffraction effects are both modelled. Because of the elliptic nature of
this equation the numerical solution is quite involved. Neglecting diffraction in the
mild slope equation results in the wave ray (geometric optics) approximation. An
intermediate case is obtained by neglecting diffraction in the main wave propagation
direction only and maintaining it in the transverse direction; this results in the so-

called parabolic approximation.

2.7.1 Modelling Tidal Currents

Falconer (1991) highlighted the limitations and restrictions of both physical and
numerical hydraulic models to predict hydrodynamic parameters. Chapalain and
Thais (2000) showed their concern while modelling fluid and suspended sediment
dynamics in a tide-dominated environment and described the process as a very
complex one which needs careful modelling. They used a one-dimensional vertical
model driven by an oscillatory horizontal pressure gradient, which was derived from
a two-dimensional vertically integrated tidal model. A series of advection-diffusion
equations were used to evaluate the concentration distribution of suspended

sediments of different size.
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Ten methods for simulating wetting and drying in implicit 2-D shallow water flow
models were tested by Balzano (1998). The comparison showed that the criteria for
declaring a cell wet or dry had a significant effect on the effective retention storage
of the basin. By considering all of the methods it was possible to advance one grid
at a time, which is a severe limitation when dealing with extremely flat areas where
further research is needed. de Vriend et al. (1993) discussed the development of
long-term coastal modelling where data reduction and empirical modelling are vital
to link with real-life coastal behaviour. According to de Vriend there are two sources
of knowledge in coastal dynamics, one based on physical principles, mainly short
and medium term processes, and the other is based on field observations, which

includes the long term behaviour.

The development of an inverse model for application to coastal problems was
described by Copeland and Bayne (1998) because the required types of data were
available from remote sensing measuring techniques. A direct minimisation solution
was used to employ conjugate gradient descent and 2-D steady cases show the
model’s ability to accommodate different topographies. Gorman and Neilson
(1999) described an experiment to measure wave growth in an estuary with
extensive intertidal flats. The SWAN third-generation spectral model was used to
simulate wave transformation with south-westerly winds, and also incorporating
refraction by currents. Measured wave spectra compared with model results and

showed that the bed friction and exponential growth of wind played a dominant role.

Prandle et al. (2000) monitored the dynamics of sediment distributions in the
vicinity of a rapidly eroding coastline. The modelling components were tide and
surge currents, wave evolution, and the vertical distribution of turbulence and the
resulting spatial pattern of sediment transport in this region. Simulations of tidal
currents confirmed the accuracy of such models. Zhang and Gin (2000) described
the development and application of a 3-D multi level hydrodynamic and tidal model
in Singapore’s coastal waters. A two step Euler predictor-corrector approach was
introduced to predict and correct the free surface water elevation. The current
circulation, time history of sealevel, discharge and residual currents were all

predicted.
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The use of boundary fitted curvilinear grids in hydrodynamic model have been
undertaken for estuarine currents, one such study was reported by Bao et al. (2000).
This kind of grid fit to the coastline and bathymetry and makes the kinetic boundary
condition simple and much more accurate. This method is effective for coastal
regions where the current is usually impractical to solve for using a uniform
Cartesian grid system with the shoreline and bathymetry represented by numerous
stair-steps. Lin and Falconer (2001) outlined a three dimensional layer integrated
model to predict tidal currents and water quality in coastal, estuarine and inland
waters. They used a finite difference algorithm to solve the three-dimensional mass
and momentum conservation equations and the advective-diffusion equation was

used to describe a wide range of water quality parameters.

Modelling tides on a regional scale allows tidal propagation and interaction along
the coast to be more accurately represented according to Myers and Baptista
(2001). A regional model can act as a liaison between open ocean dynamics and
physical processes more pertinent to coastal systems. Naidu and Sarma (2001)
applied a 2-D numerical model to a funnel shaped semi-enclosed water body in
India. Tide induced currents and amplitudes were observed and it was shown that at
high tide the agreement in phase was good. They can show different behaviour of
the estuary with this study. Sankaranarayanana and McCay (2003) applied a
three-dimensional hydrodynamic model to the world’s highest tidal range occurring
in the Bay of Fundy. A very fine resolution grid and a moderate grid mesh were used
and the predicted surface elevation, amplitude and phase values compared well with

observations.

Ozer et al. (2000) developed a generic module tool, which combined the modelling
of tides, surges and waves in shallow waters in the North Sea. The existing
operational model has been adapted to account for interactions between the various
processes and to implement in a coupling framework. The increasing importance of
coupling when going towards shallower areas had been investigated by the author
and further developments of generic models was discussed. Mason and Garg
(2001) described the construction of a morphodynamic model for an intertidal region

in England and its calibration and validation using extensive sediment volume
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change data measured by remote sensing. A properly validated sediment transport
model is of great importance for coastal defence, management and economic
purposes. The morphodynamic model consisted of a set of linked modules to predict
the 2-D depth averaged tidal currents, waves, sediment transport rates and sediment
budgets. The intertidal bathymetry was updated at regular intervals and the currents,

waves and sediment transport patterns were re-computed using the bathymetry.

2.7.2 Modelling Waves

In the last three decades, rapid progress has been made in modelling nearshore
hydrodynamic processes using numerical techniques. The prediction of nearshore
waves entered a new dimension with the introduction of the mild-slope equation by
Berkhoff (1972) and progressed with more computational techniques by Noda
(1974), Radder (1979), Ebersole (1985), Yoo and O'Connor (1986) and other
researchers. The development and application of numerical models has been
undertaken by many researchers and some of this works is described in the
following paragraphs. Lee and Wang (1992) evaluated five numerical wave-current
interaction models in a 2-D domain through mutual comparisons. The performance
of each model was evaluated with respect to some bench mark cases and the
compared results showed no single model clearly outperformed the others. The
selection of a model for application depended totally on the intended purpose of the

user and the author presented a useful guideline for model selection.

A numerical method to obtain wave patterns in a region of arbitrary shape was
presented by Ito and Tanimoto (1972). The linearised wave equations under given
boundary conditions were solved and the model applied first to find the wave height
distribution along a semi-infinite detached breakwater for wave diffraction. The
model was then applied to predict wave refraction around a submerged shoal, with
concentric circular contours, and with the model giving satisfactory results. Liu and
Tsay (1984) developed a model to calculate the transformation and propagation of
Stokes wave, which varied in the direction of wave propagation and with the

assumptions of water depth varying slowly. The author suggested the relaxation of
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the requirement of a small bottom slope compared with the wave slope and an

extension of this theory for shallow water regimes.

A simple explicit numerical model suitable for personal computers was proposed by
Dalrymple (1988) which provided the refraction and shoaling of linear and non-
linear water waves over irregular bathymetries and wave current interactions. The
model results were independent of the step size and the model was able to obtain
wave heights and directions at grid points where Snell’s law is valid. Borthwick
and Joynes (1989) considered the relative merits between an implicit and explicit
scheme to solve the mass and momentum equations governing wave-current
interactions. These models were validated by data from wave basin experiments and
showed that an ADI method had significant computational advantages over the

explicit method.

A model for the shoaling and refraction of an incident directional spectrum over a
beach topography that varied only in the on-offshore direction was developed by
Kirby (1990). The advantage of using this model was that there was no restriction
on the angle of incidence with respect to the shore normal direction. Briand and
Kamphuis (1993) developed a PC based quasi 3-D model to calculate the wave
climate and wave induced currents. Its application was restricted to beaches without

sharp bathymetric gradients in the longshore direction, as diffraction was neglected.

A horizontal 2-D numerical model to predict the time dependent free surface
elevation and fluid velocities in swash and surf zones under obliquely incident
waves was developed by Kobayashi and Karjadi (1994). The assumption of
shallow water waves with small incident angles were made to reduce computational
efforts and eliminate difficulties with lateral boundary conditions. Pechon and
Teisson (1994) presented a numerical model for time averaged 3-D currents due to
breaking waves. The driving term in the momentum equations were the radiation
stresses derived from organised velocity of waves and roller contributions. Nielson
and You (1996) developed a model for the Eulerian time mean velocities in
combined wave-current flows which could handle very weak currents, and where

their influence on the wave motion was negligible. The measurements of stronger
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currents were also obtained by modification of the Reynolds stresses, which

influenced the current impact on the wave motion.

Different time dependent quasi-3D models were developed by Karjadi and
Kobayashi (1996), Kobayashi, Karjadi and Johnson (1997) to predict the
temporal and cross variations of the free surface elevation and fluid velocities in the
surf and swash zones under obliquely incident waves. The former model included
the dispersion due to vertical variations in the instantaneous horizontal velocities and
was an extension of an earlier 2-D model developed by the same authors. The later
model was for obliquely incident shallow water waves, with small incident angles to
elucidate the dispersion effects due to vertical variations in the instantaneous
horizontal fluid velocities. The equations for cross-shore continuity, momentum and
momentum flux corrections were solved numerically to predict the water depth and
cross-shore depth averaged velocities and the near bottom velocities. Sanders
(2002) implemented non-reflecting boundary conditions in a finite-volume based
shallow water model. There has been a growing interest in finite-volume based
schemes in recent years and this method has proven useful in coastal applications

such as long wave run-up on a beaches and tidal inundations of wetlands.

Based on different wave theories, several methods of modelling have been proposed.
There are relative merits and demerits of each model but it is important to visualise
the physical mechanism involved in applying the model correctly. A modelling
system to generate and run predictions for short period waves of any form, with any
physically realistic current field and for any bathymetry, was developed by Abbot et
al. (1978). The system generated model was based on the Boussinesq equations,
with the vertical velocity increasing linearly from zero at the bed to a maximum at
the surface, and for two independent variables in space and time. Karambas and
Koutitas (1992) proposed a wave propagation model based on the Bossinesq
equations which were valid in both the shoaling and breaking regions. A dispersion
term was introduced to simulate the Reynolds stresses, which simulate the
deformation in the surf zone and the turbulence dissipation conditions during

breaking.
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There are many wave models based on refraction-diffraction theory and one of the
models for linear water waves was developed by Lozano and Liu (1980), based on
the parabolic approximation. The main assumption in this model was to vary the
water depth very slowly so that the model equation described the forward-scattered
wavefield. This model worked well against combined wave refraction and
diffraction by a semi-infinite thin barrier installed on a uniformly sloping bottom,
with wave convergence over a stepped bottom. Berkhoff et al. (1982) verified three
numerical models indicated as the refraction model, the parabolic refraction-
diffraction model and the full refraction-diffraction model, against measurements
from a hydraulic scale model. The models were based on the theory of simple
harmonic linear water waves. From the results it was shown that the physical
processes of wave propagation and deformation by a shoal were best described by

complete refraction-diffraction equations.

Yoo and O'Connor (1986) presented a mathematical model to describe wave
induced nearshore circulation by including: refraction, diffraction, wave-induced
currents, set-up and set-down, mixing processes and bottom friction effects on both
waves and currents. They refined the classical ray model to include the effects of
diffraction and current interaction and the new ray model was able to deal with large
or small scale areas involving coastal structures. Gao and Radder (1998) used a
numerical model for wave refraction and diffraction to compute irregular waves.
The model was based on parabolic approximations but when it was combined with
the perfect boundary condition it was also suitable for waves propagating with large
incident angles. Irregular waves were modelled through the linear superposition of

wave components.

The establishment of a parabolic approximation in water wave theory gave the
opportunity to explore the wave field more clearly and several numerical models
have been developed based on this approximation. A parabolic wave model for
combined refraction-diffraction of monochromatic linear waves was developed by
Dalrymple et al. (1984) and included a term for the dissipation of the wave energy.
The parabolic model of Radder (1979) was modified here to include energy

dissipation and the coefficient of the dissipation term was related to a number of
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dissipative models. Kirby and Dalrymple (1986) developed a semi-empirical
model for surf zone wave height decay, which was adapted to the parabolic equation
method to include the effects of depth limited wave breaking. A ‘thin film’ model
was developed to predict wave heights in the vicinity of an island without the

computational necessity of including internal boundary conditions in the model.

Tsay et al. (1989) applied a parabolic approximation to the mild-slope equation with
a boundary fitted curvilinear co-ordinate system to describe wave propagation. The
numerical model was used to compute wave propagation near an irregular shoreline
and examples demonstrated the capability of the numerical model. Kirby et al.
(1994) provided an adequate foundation for the application of small and large angle
parabolic approximations in distorted grids which were related to Cartesian space by
a conformal transformation. The grids of these model types were desirable, since the

scaling aspects of the resulting parabolic models were well understood.

A numerical model for wave propagation in circular jettied channels was presented
by Melo and Gobbi (1998). The model combined a polar co-ordinate parabolic
equation with a model for wave propagation in jettied channels. The effects of the
jetties on the wave field within a circular jettied channel were discussed. Johnson
and Poulin (1998) investigated the errors in parabolic equation models (PEM) for
wave refraction and diffraction by examining the case of waves propagating over a
planer bathymetry, for which the analytical solution was established. The models
investigated the lowest order parabolic approximation, such as Pade approximation
and minimax approximation models. The errors in wave height, direction, radiation
stresses and the resulting longshore current were investigated analytically and by
numerical tests using the parabolic equation model MIKE 21 PMS. The results
showed that the predicted wave directions were generally accurate, but that the wave
height, radiation stresses and longshore currents could contain significant errors,

depending on the parabolic approximation used.

Li (1994) efficiently and economically solved a linear system of the mild slope

equation for pure wave propagation and using the generalised conjugate gradient
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method. The model had a fast convergence rate, relatively small storage
requirements and was easy to apply in complicated non-rectangular regions. Kirby
et al. (1994) applied the time dependent form of the mild slope wave equation to the
propagation of regular and irregular wave trains over variable bathymetries. Linear
and non-linear versions of the model were applied to Berkhoff’s shoal. The non-

linear model gave better results than the linear model.

2.8 Summary

The investigation of previous work on the specific field of estuarine sediment
transport and nearshore circulation has shown that this is a field of very complex
natural processes, which are sensitive to changes in any hydrodynamic parameters.
Several researchers have been working to solve different problems in this field and
by thorough investigation of the different fields of work and their solutions outlined
in this chapter, a consistent gap has been established which need to be explored. The
gap is to have an interactive wave-current model which can be applied to large
estuarine area for tidal condition and also can be applied to the nearshore area for
wave induced flow circulation. The tidal effect in estuarine waters has been
investigated and there are numerical models to predict the hydrodynamic behaviour
and their corresponding sediment transport. The nearshore circulation processes due
to wave current generation and wave breaking can be predicted by numerical
models. The establishment of a numerical model which can be applied to predict
both estuarine circulation process and nearshore circulation has therefore been

highlighted as the primary objective of this research project.
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CHAPTER 3

GOVERNING EQUATIONS OF FLUID
FLOW

3.1 Introduction

The flow of any fluid is subject to certain fundamental laws of physics and these
laws are essential in order to develop the governing equations of fluid flow. The
fundamental equations of fluid dynamics are based on the laws of:

1. conservation of mass;

2. conservation of momentum;

3. conservation of energy.

The laws of fluid dynamics can be formulated in many ways. In order to predict the
flow of a fluid, it is essential to develop a set of governing mathematical equations
to formulate a model. The behaviour of a natural physical system (here a fluid flow
system) can be thoroughly described and determined by the above conservation
laws. Thus the motion of fluid and sediment particles can be described completely
by the conservation laws, with the help of three basic properties of mass, momentum
and energy (Hirsch, 1988). So a numerical model basically depends upon a system
of governing equations, which in turn depend themselves on the conservation laws.
Therefore, the governing equations of fluid flow, sediment transport, wave motion
and bed level changes can be evaluated with the help of these conservation laws.

The governing equations for a general hydrodynamic model which will be able to
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predict the flow and sediment transport in shallow water systems, i.e. mainly
estuarine and nearshore flow systems, will be derived in this chapter with the basic

and appropriate approximations also being considered.

The fluid flow properties, mainly the velocity and depth, and the sediment transport
and bed level changes, wave height and wave angle are the parameters which were
to be predicted in this study. So at any instant of time, the velocity field, sediment
concentration, wave height, wave angle and bed level changes needed to be
predicted at any point within a hydrodynamic domain system. During the process of
determining these parameters, correct information was required about the behaviour
of the fluid and sediment particles, namely the fluid density, sediment particle

density, viscosity etc.

3.2 General Form of the Conservation Laws

The principles of the conservation of fluid flow were initially developed for solid
bodies and then introduced to the fluid flow system, with the basic assumptions
unchanged. These principles state that the variation of a conserved flow quantity in
an arbitrary volume is caused by the net effect of internal sources or sinks and the
flux of the quantity crossing the boundary surface of that volume (Hirsch, 1988). For
a fluid flow these quantities are mainly scalar, and vector quantities such as the mass
and momentum. The different conservation laws can be described as (Chadwick and
Morfett, 1998):
1. The law of conservation of matter stipulates that matter can neither be created
nor destroyed, though it may be transformed by any process. Since this study of
mechanics of fluids excludes chemical activity from consideration, the law

reduces to the principle of conservation of mass.

Figure 3.2.1 represents a fixed region within the flow and according to

conservation of mass (Massey, 1997).
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Rate at which mass enters the region = Rate at which mass leaves the region +

Rate of accumulation of mass in the region

Mass of
fluid §
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—_ eaving
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Figure 3.2.1 Representation of conservation of mass.

2. The basic equation for the law of conservation of energy may be derived from
the First Law of Thermodynamics. One of the fundamental generalizations of
science is that, in the absence of chemical reactions, energy can be neither
created nor destroyed. Energy can be transformed from one form to another, but

none is actually lost.

The principle states that, for any mass system (that is, any identified and
unchanging collection of matter) the net heat supplied to system equals the
increase in energy of the system plus all the energy that leaves the system as
work is done (Massey, 1997).

3. The law of conservation of momentum states that a body in motion cannot gain
or lose momentum unless some external force is applied. The classical statement
of this law is Newton’s second law of motion, which states that the net force
acting on a body in any fixed direction is equal to the rate of increase of

momentum of the body in that direction.

In mathematical terms, this may be expressed as:

Force = Rate of Change of Momentum.
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3.3 Hydrodynamic Equations

The governing equations of fluid motion can be derived by the conservation of mass
and momentum. The full derivation of the governing equations was given by
Schlichting (1987) for an incompressible turbulent flow on a rotating earth. These
equations are time averaged and can be depth integrated. The purpose of time
averaging is to remove temporal fluctuations due to turbulence and in order respects,
waves. The resultant velocity is considered as a sum of a time dependent mean flow,

a wave-induced flow and an arbitrary fluctuating component.

Figure 3.3.1 Cartesian co-ordinate system

The Governing Equations of fluid flow in coastal and estuarine waters, with
particular reference to the flow associated with tidal force or wave propagation will
be established in this chapter. The corresponding equations are based on the
conservation laws of mass (continuity equation) and momentum equation (Newton’s
second law of motion), with the required unknown variables being the water

elevation above datum n, the velocity components «, v, w as shown in Figure. 3.3.1.

3.3.1 Conservation of Mass

In deriving the continuity equation for three dimensional unsteady flow, an
infinitesimal control volume of sides Ax, Ay, 4z is considered, with the velocity

components being u, v, w at the centre of the control volume and with all derivatives
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being assumed known at this point. The depth integrated two-dimensional continuity
equation will be derived from this equation. By applying Taylor’s series defined for

some fluid characteristics ¢ (e.g. velocity, pressure etc) in the x-direction as:
2 2 3 3
¢( j #x)£= {6¢(x) Vx| 1)) (f)—vx L1 (f)—vx _ (3.3.1)
] 4] ox° 2! 8| ox° 3

and assuming that terms higher than third order, ie. 0( 7 ), are small for the flow
field, then the mass fluxes per unit area in the x-direction for the control volume are
shown in Figure 3.3.2. The similar mass flux components can be expressed for the y

and z-directions respectively.

For flow in the x-direction, the mass influx across side ABCD in the interval At is

given as

M, [ o — %’“i‘zﬁ]AyAzm (3.3.2)

where p = fluid density or mass/unit volume of fluid, the mass afflux across side

EFGH in time interval A4¢ is given by

M, = [ o+ Qp—"ﬁ]AyAzAz (3.3.3)
* ox 2

so the resulting net x-direction mass flux is given as

M, =M, -M,, = _%i:‘_ AxAyAzAt (3.3.4a)

net,

Similar expressions can be obtained for the y and z-directions as

- a;;v AxAyAzAt and M, = _agw AxAyAzAL (3.3.4b)

z

net ¥

Therefore the net mass acoss the control volume can be expressed as

dpu Bpv
Net Mass Influx = —{ gc“ a’;v gzw }AxAyAzAt (3.3.5)
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Chapter 3
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Figure 3.3.2  Flow into and out of control volume

For the corresponding change of mass within the control volume, if the fluid

elemental mass at time ¢ is given by pAxAyAz, then Taylor’s series gives for the

mass at time (£+ —Az—t) and (- %) respectively

M ( A) = pAxAyAz + % (prAyAz)i‘;i (3.3.6)
M(,ﬂ] = pAxAyAz — a%(prAyAz)%t— (3.3.7)
Hence the net mass increase in time At can be expressed as

(3.3.8)

Net Mass Increase, M, = ai(prAyAz)At
t

Equating the net mass influx (equation 3.3.5) with the net mass increase within the

control volume in time At (equation 3.3.8) gives the three dimensional continuity

equation.

9 (pAxayaz)ar = 224 97 %Y | AxayAzAt
ot x oy o

The general form of the three dimensional conservation of mass equation is-
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a_p+apu+apv+apw=0
o ox oy Oz

(3.3.9)

This equation applies for all types of flow such as steady, unsteady, laminar,

turbulent compressible or incompressible flow.

Then the time averaged continuity equation for an incompressible flow of fluid in an
orthogonal Cartesian co-ordinate system, equation (3.3.9) reduces to (Falconer,
1993):

ou Ov Ow

—+—+—=0 3.
FRRPYAP (3.3.10)

where u,v,w= fn(x, y,z,t) and are time averaged velocity components in the X,y,

and z-direction respectively. Equation (3.3.10) can be written for each fluid element

in the computational domain.
3.3.2 Conservation of Momentum

In considering the momentum equations for three dimensional unsteady flow,
Newton’s second law of motion states that the sum of the external forces acting on a
unit mass must equal the rate of change of linear momentum, that is-

= d(mV) dV 2dm
Z F= =m

dt dt dt ( /

where F = resultant force, m = mass and V = velocity. For incompressible flow it
can be considered that the rate of change of mass with time can be neglected,
therefore equation (3.3.11) reduces to:

Zz?:m-‘% (3.3.12)
This equation can now be expanded by considering the force components illustrated
for the infinitesimal control volume of sides Ax, 4y, Az shown in Figure 3.3.3. Using
the notation that the first subscript defines the plane normal to the direction indicated

by the subscript and the second subscript defines the stress direction on the plane,
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then the x-direction forces on the fluid element include the shear stress components
7« and 7, , the normal stress component o, and the body force per unit mass X. If
the elemental volume is assumed to remain constant, then application of Equation

(3.3.12) to the control volume gives:

ot
= AxAyAz 3.3.13
e Y. (- )

du oo, or,,
PAXAYAz == = pXAxAYAZ +—= AxAyAz + —2= AxAyAz +
dt Oox Oy

When a fluid is at rest, there are only normal components of stress acting on the

surface resulting in the internal force of:

o, =-F; o,=-F; o, =-PF, (3.3.14)

»
where P is the pressure and the negative sign introduced to indicate that the normal
components of stress are tension rather than compression. Schlicting (1987) explains
that while the fluid is in motion, then viscosity causes additional components of
stress. The normal stresses defined above become unequal and shear stresses
develop. So for a moving fluid, the tensile fluid stress can be split into (i) a
hydrostatic pressure component (P,) that would have exist if the fluid were at rest

and (ii) a part o due to fluid motion alone, giving:

' . — . — '
c,=0' b; o,=0,-PF; o,=0,-F (3.3.15)
o+ fo_ Az
= fz 2
CT, Az
T+ 5
. A o or, Az
A / : T, + —6%17‘
or,. Ax
P T, —_
) ax 2
ar,, Ax
4 l i a2
o _Go A | . > O, +a—ai%
x 2 ox
........
-~ - ‘ ] Z
Pal : Y
o fo. Av ' fo .. Ay X
v 2 T Ay ER
cr A_\ v x
o fa. A
fr. a8y T=TTE Y Body ft
R y forces per
i unit mass

Figure 3.3.3 Forces/stresses acting on a fluid element or control volume
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Substituting Equation (3.3.15) in (3.3.13) and dividing by (pdxA4yAz) gives the

momentum equation in the x-direction for laminar or turbulent flow as:

Z"} (3.3.16)

However, for three dimensional unsteady flow wu=fh(x,y,z,t) and the total

acceleration can be decomposed into its local and advective components, as follows:

u—+v%+w— (3.3.17)

’ a |
(ﬁ+u@+v%“y_+wﬁ):X_la_PJri[a"u 4 90 ﬁa} (3.3.18)

For a Newtonian fluid, these viscous stresses (o’ ) are proportional to the rates of
deformation. The three dimensional form of Newton’s law of viscosity for
compressible flows involves two constants of proportionality; the first viscosity is
called the dynamic viscosity 4 relating stresses to linear deformations, and the
second viscosity, A, relating stresses to volumetric deformation. The effect of second
viscosity A is small in practice and can be approximated by taking A = -2/3u (from
Schlichting, 1987). Hence the nine viscous stress components, of which six are

independent, can now be defined as:

O'“'=2'u-a—u—+l 531+_a_v_+.gw_ = U %_3% @_}.-61 (3319)
ox ox 0Oy Oz ox 3\ox oy Oz

a».’=2y@+l @+Q+§-W— =u 2@_3 2u—+@+93 (3.3.20)
vy \ox oy &) |y 3\ax o e

O-”Izz'u.a__w__'_/{ %.}.iv..*.éw_ =u 22W__g gu—-}-g-f-—ai (3321)

- 0z ox oy oz 0z 3\ox oy Oz
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ov Ou ow Ou

T, =T, =M —+— |, 7,=7, =4 —+— L =T, =4 —+—|(3.3.22
A2 202 =202 1

Substituting equations (3.3.19) and (3.3.22) in equation (3.3.18) gives the Navier-

Stokes equation for compressible flow in the x-direction:

ou Ou Ou  Ou 1 oP o’u 0’u J*u| v|dou v 9w
—tU—H+V_—Htw_—=X-—— VSt S+ |+ 5+ +
ot Ox oz p Ox ox° oy oz 3| ox° Ox0y Oxoz
........... (3.3.23)

For incompressible flow (o = constant) equation (3.3.23) reduces to:

2 2 2
ou_  oOu Ou. Ou_, 10P |Ou 0Ou Ou (3.3.24)
ot ox oy 0z p Ox o’ oyt oz’

where v = u /p = kinemetic viscosity (used for diffusivities for momentum,

Batchelor, 1967)

For turbulent flow conditions the Navier-Stokes equation should be modified to

accommodate the turbulence of the flow. The continuity equation (3.3.10) is first

multiplied by () giving:
L LN (3.3.25)
& oy oz
By combining equation (3.3.25) and (3.3.24) gives:
2 2 2 2
Qu O O Ouw _x 108, 0u Ou U (3.3.26)
a ox oy o pox | x: & oz

For a turbulent flow, the instantaneous velocity component # can be expressed in
terms of its temporal fluctuating and average components (LeMéhauté, 1976) such
as:

u=u+u' (3.3.27)

t+Ar

here  u =time average velocity component = ~ udt
t t

u’= fluctuating velocity components where u'=0

1+Ar

this means that — Iu 'dt =0
At
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Substituting the time average and fluctuating components in equation (3.3.24) gives:

(§(17+u')+~(?—(17+u'XE+u')+i(ﬁ+u'X\7+v’)+—a-(17+u'XW+ w'))
‘ ox £y oz

, , , (3.3.28)
= (,\_’+X’)—%%(I_’+P')+ v{gx—z—(ﬁ+u’)+%(ﬂ+u')+%(ﬁ+u')}

Time averaging the whole of equation (3.3.28) gives:

0 (——\ O [— — 0 f 0 f
—(u +u )+———(uu +2u'u +u'2)+—(W+u’17+v’i4"+u’v')+——[ﬁ7v'+u'w+ w'ii+u'w')
ot ox Oy 0z

2

= Y+X’——I—(I_’+P')+ v[izz—(ii+u')+§)7(ﬁ+u')+gzi(ﬁ+“')J

P Ox 2
........... (3.3.29)
Now 17+u’=—1—’+f(17+u')1t=17+—1—“j¥u'dt=17 (3.3.30)
At At
1+A1 t+Ar
but ~ _[z?dt = u = time average velocity component and ~ _[u'dt =0 (3.3.31)

' ¢

and similarly all other terms in this form can be expanded and evaluated and

equation (3.3.29) reduces to:

ou ouu ouv ouw — 10P o om o'm| |ouw ouv ouw
—+ + + =X - + +
o o oy oz p Ox ox oy oz

............. (3.3.32)

Now by subtracting the continuity equation again from equation (3.3.32), this gives

the Navier-Stokes equation for incompressible turbulent flow in the x-direction.

of _om _ou _om - 10P 15[65 —}
— tU—+V—+W—=X———+——| u——puu
ot oz px poxl ox
(3.3.33)
+li[,u—§u:——pW]+——i[ﬂgu:—PW]
poyl oy 0z

Similar equations can be obtained for both the y and z-direction respectively. The

expressions (— pﬁ), (— pm—’) and (— pu_’W) are known as the Reynolds stresses,
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with their form being similar to viscous shear stresses. These stresses arises due to
the presence of turbulent flow and for laminar flow are zero. According to
Boussinesq (Goldstein, 1938 and 1965) these Reynolds shear stresses can be

represented in a diffusive manner as follows:

-pu'_u’='7'[ﬁ+ﬁ]; e —puw = | Z 4 2
ox  ox & ox oz ox
(3.3.34)

where 77/ = absolute eddy viscosity = pg  and ¢ = kinematic eddy viscosity

In equations (3.3.33), X is the external force acting on the water body. Similarly Y
and Z are the forces in the y and z-directions respectivey. These forces arise due to
the earth’s rotation (Coriolis acceleration) and gravity. In the Navier-Stokes
equation the assumptions made are that: (i) the x-direction is parallel to the equator,
(i1) the y-direction is from the south to north and (iii) the z-direction is upward
normal to the earth’s surface. So the external forces can be written in the form:

X=fv=+2osing ; Y=—fu=-2uosinp and Z=-g (3.3.35)

where f = Coriolis coefficient = 2@ sin @

= anguler speed of the earth’s rotation = 7.3 x 107 rad/sec.

S

@ = angle of latitude of the domain
g

= gravitational acceleration = 9.807 m/sec’

The assumption of a vertical hydrostatic pressure distribution can be made when the
vertical acceleration of the fluid flow is much smaller than the pressure gradient and

gravitational acceleration. The hydrostatic pressure can be described in the form:

P=pgn-2)+pa (3.3.36)

In which, h = water depth below mean water level (MWL)
n = height of water surface above MWL, and
z = elevation above MWL.

pa = atmospheric pressure
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/\<ater surface

n Mean wata\level
z

N

> X

Bed level

A T T

Figure 3.3.4 Hydrostaic pressure distribution

This equation can now be differentiated independently with respect to x to give an
expression for the corresponding pressure gradient term in the Navier-Stokes
equation for the x-direction.

oP on op Op
— = pe—tto(n-z)-Lt+22 3.3.37
. rg p. g(n-:z) o o (- )

For the scales being considered in this study the atmospheric pressure gradient will
generally be negligible in comparison with the water surface slope (Dronkers, 1964)
and can therefore be omitted from equations (3.3.37). A mean constant value for the
horizontal density gradient has been assumed throughout, which means (3p/x = 0).
Therefore, the pressure gradient term can be expressed as:

P on

“ 3.3.38
Ox & Ox ( )

By inserting the value of external force and the pressure gradient in equation

(3.3.33) the Navier-Stokes equation becomes:

i _ou _omw _om 67716[817 —]
Lt — AV —+W—=fv—g—+——| u—— pu'u
o  ox Oy oz x pox| ox
(3.3.39)
+i_a_|:”§_pu'v']+_£|:ﬂ__:_pu'w']
poyL Oy p oz
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3.3.3 Boundary Conditions

Figure 3.3.5 shows the co-ordinate system and the important parameters considered
in the present model. To establish the two-dimensional depth integrated mass and
momentum equations, it is necessary to specify boundary conditions governing the
velocity and stress components at the surface and bed. The free surface boundary
condition (FSBC) describes the vertical velocity at the free surface and the

corresponding rate of change of instantaneous water surface elevation 1, is given by

L

-
Y

SWL

Te N\
7

Figure 3.3.5 Section of defination sketch

dn _0on , 0ndx Ondy 0On, 01, .0%1_, (3.3.40)

di ot oOxdt oydt ot Ox Oy

or, —u OM_, oM, _on (3.3.41)
"ax "oy T o

At the bed the no slip boundary condition gives:

u,=v_,=w_,=0 (3.3.42)
Further boundary conditions can be expressed in terms of components of the wind
induced surface shear, 1y, , and the bed friction t,. These conditions are given by

Vreugdenhil (1998) and take the form at the free surface of:
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on on

- T.r.x,' g - Ty.\'r] 5 + sz” =T (3 3. 43(1)
on on

Ty, a_ Ty, Ey—"' Ton = Tw (3.3.43b)

and similarly, for the bed

o(=h) o(=h)
., —ax—— T, P tT,, =Tk (3.3.44a)

o(-h) o(-h)
o, 7 - T)'Y_;. ay + TZ)’-» = fby (3344b)

where, 7., 7., =X and y components of T, respectively
T Ty = X and y components of T, respectively

Te,+Tx, ----are the components of shear stresses along three coordinates at

surface and bed respectively.

3.3.4 Two Dimensional Depth Integrated (Shallow Water) Equations

For flow fields where the vertical variation in fluid flow quantities is either small or
less significant then the flow may be evenly mixed vertically and a two-dimensinal
fluid model may be applicable. The three dimensional equations of continuity and
momentum are integrated over the total water depth and solved numerically to give
the depth averaged velocity field, which normally occurs in wide estuaries, harbours,

bays etc.

Another case where the two dimensional depth integrated equations are needed is for
temporally periodic, long crested, gradually varying progressive wave propagating
over a small bottom slope, when superimposed on a weak nearly horizontal mean
flow; that is flow in the nearshore zone. The three dimensional variation of the
nearshore current in space is very complicated to examine either experimentally or
theoretically, so the equations are reduced to two horizontal dimensions by depth
integrating the equations of mass and momentum. The continuity equation (3.3.10)
can now be integrated over the depth to form the two-dimensional partial differential

continuity equation. This depth integration of the continuity equation gives:
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%_’_@ aW = d
Y Fn ———+— z+w,-w_, =0 (3.3.45)

Applying Leibnitz’s rule (Sokolnikoff and Redheffex, 1966) to equation (3.3.45)

gives:

o(~h)

a’l
oal L,
Ox

— udz—u,’
Ox "

n
Ny, 2] 4, 2R
ax—h

- +v_,
~h ay_h 'Iay” ay

+w, —-w_, =0
-h

............. (3.3.46)

Now using the free surface boundary condition (FSBC) (Eq. 3.3.41) and bottom
boundary condition (BBC) (Eq. 3.3.42), then Eq. (3.3.46) can be simplified to give:

7 0 on
= udz+5_llvdz+§=0 (3.3.47)

—h ~h

If the depth averaged velocity components U and V are now defined as:

n n
U= [udz and V=— (vdz (3.3.48)
H H

-h -h

Then substituting the above definition and assuming that the location of the bed is
constant with time, the following form of the depth averaged two dimensional
continuity equation results:

877 0
az

(UH) —(VH)=O 3.3.49)
oy

The two dimensional depth averaged momentum equations for incompressible

turbulent flow can be obtained by depth integration of Navier-Stokes equation in the

x and y-direction. These can be derived in a manner giving for the x-direction

(Falconer, 1976: see Westwater, 2001) as:

agtH a(ﬂU H)+—(ﬂUVH) fVH - HZZ

n (3.3.50)
oDz fo(22)

5 ox ox ) Oy oy Oy
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where

B

I

momentum correction factor for non-uniformity of vertical velocity profile

= 1.016 for Seventh Power Law Velocity Distribution (Falconer and Chen, 1996
and Yin, et al., 2000).

It can be shown from the shear stress function that

(91‘-#3-‘3)_ T, (3.3.51)
0z Oz i
n n
Then J‘e(% + -a—w)dz = Irzdz =T, Ty (3.3.52)
5 \0z oz 5

Here T = surface wind shear stress component, which is zero for this current study,
T« = bed shear stress component which includes bed shear stresses. So the x-
direction depth averaged momentum equation becomes:

oUH 3 o or
== (,BU H)+ ay(ﬂUVH) fVH -gH 2T

T L,,”Q(anfj a(gaUH+gaVH]

o p &\ & x

(3.3.53)

%

A similar derivation can be made for the y-direction depth averaged momentum

equation to give:

oH L O (g H)+—(ﬁVUH)=—fUH ~ gt 21
& oy oy
(3.3.54)
T Ty a( aVH) 6(_6VH _aUH)
—_———+2— +—| & +£
p p L oy ) x| o&x oy

The depth average eddy viscosity ¢ for a logarithmic velocity profile can be

expressed as:

- KJE(VUZ +V2)H
6C

(3.3.55)

where x = 0.4 (von Karman’s constant) and

C = Chezy coefficient = H"/n; n = Manning’s coefficient
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The friction between the moving air and the fluid surface elements generates a
different type of shear stress called the surface shear stress. The method to determine
this surface stress due to wind was formulated by Van Dorn (1953), and later was
suggested in the Shore Protection Manual. The surface shear stress due to wind is

normally calculated using a formula after Munk (see Dronkers, 1964) giving:

T =10 W WS + W, (3.3.56)

where y = air/water resistance constant = 0.0026
p, = air density =1.292 kg/m’

W, = wind velocity component in x-direction at 10m above surface.

The term W ° + 4 2, is the absolute wind speed at 10m above the surface,

although this is not the only recommended standard method of measurement. Wilson

(1960) collected many different sets of data at different locations, obtained under

various wind conditions. From the data set and by using a Karman-Prandtl velocity

distribution equation, he suggested that:

W =2.5W. 1n(Zi) (3.5.57)
0

where W = wind speed at height z above the surface, W. = shear velocity

(W. =4,/ p,)and Zy = effective roughness height of the surface.

The bottom boundary, which is considered at the bed of a water body, a shear stress
is developed called the bottom shear stress. This stress causes a frictional resistance
between the fluid layer and the bottom solid layer. This shear stress can be
approximated in the form of a quadratic friction law by considering steady uniform
open channel flow. Longuet-Higgins (1970) assumed that the bottom friction stress
due to waves and currents would be adequately represented by equation (3.3.55)
where the bed shear stress is usually represented in a manner similar to that for
uniform flow:

pgUNU? +V?

CZ

(3.3.58)

Txb =
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The turbulent diffusion terms in equation (3.3.51) and (3.3.52) are first simplified by
neglecting the gradients of &H and the divergence of the mean flow (Kuipers and

Vreugdenhil, 1973: see Westwater, 2001), giving for the x-direction:

e k]
ox o | oy dy ox

U a[au 6V] oU 0gH GEH[GU GV]
+2 +

=+ EH —| =+ 2 + 2
ox vloy ox| ox x  dy | oy ox

2 2 2
=eH 26L2/+012]+6V
Ox oy Ox0y

=2eH

(3.3.59)

and similarly for the y-direction

2 2 2
z-ﬁ[gy?ﬂ}i | Y Y Wagn| 9V 1207 OV (3.3.60)
vl x| ox 3y  ox x> oy’ owdy

For 2-D depth average flow, the depth avearge eddy viscosity ¢ is often dropped in
literature and refered as kinemetic eddy viscosity & Finally, the two-dimensional
depth integrated fluid flow equation with all of its components in the x and y-
direction is given by:

oUH ©opU*H oPpUVH on p [ —
+ + =fVH-gH—+~=2C,W . W " +W
at 5 a g a p w7 x x y

(3.3.61)
‘ 2 2 2 2 2
_M+€H zalzj.‘.a({.'.aV
C’ o oy’ oxdy
2
OVH  OPUVH OfV'H _ 1y O Pe ey o
o O % » P (3.3.62)

_gyurevr (0 9 U
CZ axz ayZ axay

These are the depth integarted momentum equations in the x and y-direction which,
in conjunction with the depth integrated continuity equation (Equation 3.3.49) are

used to derive the hydrodynamic module of the numerical model of this study.
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3.4 Governing Equations for Shallow Water Waves

A progressive wave can be represented by the variables x(spatial) and #(temporal) or
by their combination (phase), defined as 8 =(kx - ax), values of @ vary from 0 to 2.
Other important parameters which can describe periodic waves are the wave height
H, wave length L and the water depth 4. The wave amplitude is defined as a = H/2,
the wave period T is the time interval between the passage of two successive wave
crests or troughs at a given point and the wavelength L is the horizontal distance
between two identical points on two successive wave crests or two successive wave

troughs. Further definitions include:
2 . .

W= - is the angular or radian frequency
T .

k= A is the wave number

C= % =—7€1 is the phase velocity or wave celerity
H/L is the wave steepness

h/L is the relative depth and

n/h is the relative wave height.

Linear Wave Theory: The most elementary wave theory is small amplitude or
linear wave theory. It was first developed by Airy, 1845 (see Sorenson, 1978). The

assumptions made in developing linear wave theory are as follows:

i Fluid is homogeneous and incompressible, therefore density p is constant.

il. Surface tension can be neglected.

iil. Coriolis effects due to earth’s rotation can be neglected.

iv. Pressure at the free surface is uniform and constant.

v. The fluid is ideal or inviscid (i.e. it lacks viscosity).

Vi. The particular wave being considered does not interact with any other water

motions. The flow is irrotational so that the water particles do not rotate.
vii.  The bed is horizontal, fixed and is an impermeable boundary, which implies

that the vertical velocity at the bed is zero.
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viii. The wave amplitude is small and the waveform is invariant in time and

space.
iX. Waves are plane or long crested (2-D).
z Direction of
L L 1 propagation
Crest (N 7| > u

a4 / 7/ 7/ / / / /s 7 S/
Datum

Figure 3.4.1 Definition sketch for sinusoidal progressive waves.

The use of a mathematical function termed a ‘velocity potential’ “@” describes the
irrotational status of a wave. The velocity potential is a scalar function whose

gradient at any point in the fluid gives the velocity vector that is:

Op
Ox ( )

Oop
=2 342
w ( )

where u and w are fluid velocity in the x and z-direction respectively.

There is another mathematical function termed a ‘stress function’ “y”, which is
orthogonal to the potential function ¢, and for an expression if ¢ is known then y

can be found and vice versa using the equation

u-20_ov (3.4.3)
ox Oz

w20 __%v (3.4.9)
0z Ox
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Incompressible inviscid fluid flow usually provides an accurate description for water
wave motion. Considering a Cartesian co-ordinate system, with z-upwards and the
origin at free surface at rest, here the free surface is given by z = 7(x, y, ¢) and the
rigid incompressible bottom is given by z = - h(x,y). With the assumption of
irrotational motion and an incompressible fluid, a velocity potential exists which
should satisfy the continuity equation:

Vu=0=>V-Vg=0 (3.4.5)

The divergence of a gradient leads to the Laplace equation, which must hold
throughout the fluid:

2 2 2
V3¢=a?+a?+a?=0
ox~ oy° oz

(3.4.6)

Both ¢ and y satisfy the Laplace’s equation, which governs the flow of an ideal
fluid. The Laplace equation in two dimensions with x-horizontal and z-vertical axes

in terms of velocity potential @ is given by

o’  O’p
—T+S =0 (3.4.7)

In terms of stream function y, the Laplace equation becomes

v, OV _ (3.4.8)
ox~  0z°

The governing equation from the continuity equation for the water waves is:

ou ow_ (3.4.9)
ox o0z

where —h(x) < z < n(xt)

3.4.1 Boundary Conditions

At any boundary, whether it is fixed - such as the bed, or free - such as the water
surface, and is free to deform under the influence of forces, then certain physical

conditions must be satisfied by the fluid velocity. These conditions on the water
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particle kinematics are called kinematic boundary conditions. The mathematical
expression for the kinematic boundary condition may be derived from the equation

which describes the surface that constitutes the boundary.

The bottom boundary condition (BBC) is the lower boundary where z = -h. For a
two dimensional case the origin is located at the still water level and 4 represents the

below the SWL depth. For a horizontal bottom bed:

w=0 on z=-h (3.4.10a)

For a sloping bottom

w__dn (3.4.10b
y I .4.10b)

The kinematic free surface boundary condition (KFSBC) can be described as:
Fx,y,z,)=z-mx, y,1)=0

where 7(x, y, t) is the displacement of the free surface about the horizontal plane.

The KFSBC at the free surface is:

on
w=—— onz= 3411
ot z=n ( )

The dynamic free surface boundary condition (DFSBC) states that the pressure on
the free surface be uniform along the wave form. The Bernoulli equation at the
surface gives the boundary condition as:

1 0¢ P

§5;+U+E=Const. (3.4.12)

3.4.2 Solution of Linearized Water Wave Boundary Value Problem

The solution of the water waves that are periodic in space and time propagating over
a nearly horizontal bottom can be developed by using the boundary value problem.
This requires the solution of the Laplace equation. A convenient method for solving
the linear partial differential equations for water waves is called the separation of

variables (Dean and Dalrymple, 1994). The assumption is that the solution can be

69



Chapter 3 Governing Equations of Fluid Flow

expressed as a product term, each of which is a function of only one of the

independent variables, such as:

$(x,2,t) = X (x).Z(2).T(t) (3.4.13)

where X(x), Z(z) and T{(¢) are functions which depend only on x, z and ¢ respectively.
So ¢ must be periodic in time as given by the lateral boundary conditions, and we
can specify T(t) = sinot, then to find o; the angular frequency of the wave, the
periodic boundary condition gives, sin ot = sin oft+T) =sinot coso T + cosot sinoT
and which is true for o =2#/T. The velocity potential now takes the form

#(x,z,t) = X(x).Z(z).sinot (3.4.14)

Substituting into the Laplace equation, we get

d*X(x)
de

Z(z).sinot + X (x). d( )smcrt 0 (3.4.15)

Dividing throughout by ¢ gives

_}_62X+162
X oxt  Z &z’

(3.4.16)

The first term of this equation depends on x-alone while the second term depends on
z only. If there is any variation in either term then the only way that the equation can

hold true is if each term is equal to the same constant, except for a sign difference,

that is:
2 2 2 2
d°Xx)/ax” . 0 dZ@)/dz s (3.4.17)
X(x) Z(2)

Equation (3.4.17) is now an ordinary differential equation and each equation can be
solved separately. Three possible cases can arise to this solution for the nature of %,
these are for k is real, k=0, and for k being a pure imaginary number. If k is real and
non-zero, then the solution to the Laplace equation gives the following velocity

potential:

¢ = (Acoskx + Bsin kx)(ce® + De ™ )sinor (3.4.18)
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Considering ¢ (x,t)= ¢(x+L,t) and ¢ (x,t)= @x,t+T) explicitly, then the first part of
equation (3.4.18) become [A(coskx coskL-sinkx sinkL)+B(sinkx coskL+coskx sinkL)]
which satisfies coskL=1 and sinkL=0. This means that kL = 2z and the velocity

potential becomes ¢ = Acoskx(Ce” + De™ )sinor.

The bottom boundary condition (BBC) may now be introduced, yielding:

w-—-—%g:—Acosloc(kCe"z—kDe"")sinO't:O atz=-h (3.4.19)
2z

After substitution and by taking G=24De* the velocity potential becomes:
@ = Geoskxcoshk(h + z)sinot (3.4.20)

The dynamic free surface boundary condition (DFSBC) states that Bernoulli’s
equation should be satisfied everywhere at z = 7(x,f). The pressure at the surface is
assumed to be gage pressure, or P = 0 in equation (3.4.12). Neglecting the small

terms in equation (3.4.12), gives for Bernoulli’s equation:

(—a—¢+gﬂJ =C(¢) or, 17=_1.._a£ +&

3.4.21
ot g ot g ( /

where C(f) is a constant. Substituting the velocity potential as given in equation

(3.4.20) in the above equation and recalling that 7 will have a zero spatial and

C : H,
temporal mean, which gives C(f)=0, and by taking G = 5 , then 77 becomes
2o coshkh
H
n= 7coskxcosot (3.4.22)
Finally, the velocity potential becomes
g = HECOShA(B*2) ot sinor (3.4.23)
20 coshkh

The linearized kinematic free surface boundary condition (KFSBC) gives:

_9ng _o¢| _om 3.4.24)
har i o ozl., ot (5.4
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Substituting for ¢ and 7 gives us the ‘dispersion relationship’

o’ = gktanhkh (3.4.25)

Now o= 27T and k = 27/L and the speed of the wave propagation can be expressed

by relating the wave celerity to wave length and water depth as given by
L 27h
C= 1/g—tanh(—) (3.4.26)
2 L

When the relative water depth becomes shallow (i.e. 27/L < 1/4 or h/L < 1/25) then

the wave celerity becomes:

C=.gh (3.4.27)

The local fluid velocities and accelerations for various values of z and ¢ during

passage of a wave can be found by the relationship of velocity potential with

horizontal and vertical velocity components u and w and are given by (Dean and

Dalrymple, 1994):

" =§£=£§Zcosh[27r(z+h)/L]c
ox 2 L cosh(2z/L)

_0p HgT sinh[27(z + h)/ L] si
oz 2 L cosh(27 /L)

Ou gnH cosh[2zx(z+ h)/L] si

os6 (3.4.28a)

w né (3.4.28b)

oo L cosh(27h/L)

o O _ _grH sinh2n(G+ WL . (3.4.29%)
T ot L sinh(27h/L)

né (3.4.29a)

The sub-surface pressure under a wave is the sum of two contributing components,

i.e. dynamic pressure and static pressure, and is given by:

P = L cosé— pgz+ P, (3.4.30)
27th
2cosh(T)
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where P is the total or absolute pressure and P, is the atmospheric pressure. The first
term of Equation (3.4.30) represents a dynamic component due to the fluid
acceleration, while the second term is the static component of pressure. Normally

the pressure is usually taken as

2
pgH ¢ h[l(z_‘”_'l] cosh[w]
P=P-P = 3 L cos8 - pgz = pgn 2th - pgz
2cosh(—L—) ZCosh(—L——)

............. (3.4.31)

The speed of a group of waves, or a wave train, differes from the speed of individual

waves within the group speed and this group celerity C; is given by:

c =1Ly, 4m/L | (3.4.32)
27| " sinh@m/ L)
where n =1 1+—_4—ﬂhi—-— (3.4.33)
2| " sinh(4mh/ L)
For deep water conditions: —M— ~0; Then:n=1/2
sinh(477/ L)

And for shallow water conditions: smh(—) ~ i?l— ; Then C,, = —;:— =C=./gh

The total energy of a wave system is the sum of kinetic energy and potential energy.

The kinetic energy per unit length of a wave crest for linear wave theory is given by:

x+L n
- [ o L‘_““dex_%pgy L (3.4.34)
x —h

The potential energy is that part of the energy resulting from the part of the fluid
mass being above the trough, i.e. the wave crest. The potential energy per unit length

of a wave crest for linear wave conditions is given as:

x+L 2
— (77+h) h 1 2
= ——)dx=—pgH'L 3.4.35
E, j Sldx =T-re (3.4.35)
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Thus the total wave energy over one wavelength per unit crest width is given by:

1 2 1 2 1 2
= L+—pgH’L=—pgH’L 4.
16 16"% 8 (5:436)

The total average wave energy per unit surface area is termed as specific energy or
energy density and is given by:

E_1
E===—pgH’
=g (3.4.37)

3.4.3 Principles of Wave Transformation

Processes that can affect a wave as it propagates from deep water into shallow water
includes (i) refraction, (ii) shoaling, (iii) diffraction, (iv) dissipation due to friction,
(v) wave breaking, (vi) additional growth due to wind, (vii) wave current
interactions, and (viii) wave wave interactions. The first three effects are
propagation effects because they result from the convergence or divergence of
waves caused by shape of the bottom topography, which in turn influences the
direction of wave travel and causes wave energy to be concentrated or spread out.
Points (iv) and (v) are sink mechanisms, because they remove energy from the wave
field through dissipation. The wind is a source mechanism and the presence of a
large scale current field can affect wave propagation and dissipation. Wave-wave
interactions results from the non-linear coupling of wave components and results in

the transfer of energy from some waves to others.

Waves approaching the coast increase in steepness as the water depth decreases. At
the time wave steepness (H/L) reaches its limiting value, the wave breaks. As a
result energy dissipation occurs creating nearshore currents and increasing the mean
water level. Waves break in water at a depth of approximately equal to the wave
height. The surf zone is the region extending from the seaward boundary of the wave
breaking to the limit of wave uprush. Wave breaking is the dominant hydrodynamic
process within the surf zone. Hydrodynamic processes like wave set-up, setdown,
wave runup and nearshore currents are all the result of waves breaking in surf zone.
This zone is the most dynamic coastal region, where sediment transport and

bathymetric changes are driven by breaking waves and nearshore currents.
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3.44 Mild Slope Equation with Parabolic Approximation

The refraction-diffraction (R-D) equation developed by Berkhoff (1972), which is
also known as the mild slope equation, is strictly linear and non-dissipative. For this
reason, the use of the R-D equations in areas containing beaches is not possible
because a linear and non-dissipative model will predict an infinite wave height at the
line of a beach. Radder (1979) took care of this problem in the beach area by
applying the parabolic approximation to the mild slope equation. In this model wave
breaking is included as well as the influence of wave height on the propagation
velocity which is a nonlinear effect. The effect of nonlinearity and energy
dissipation can be included in mild slope equation theoretically, but for
computational reasons the parabolic approximation deals better with nonlinear
effects as the equations are solved in a step wise manner. The parabolic
approximation has got some restrictions, mainly is that it can not take care of wave

reflections and hence the model is only applicable to very small slopes.

The mild slope equation is able to account for the effect of dissipative forces, such
as bottom friction and wave breaking. Wave driven forces are obtained from the
gradient of radiation stress tensor, i.e. F; = - 8S;;/0x; (Longuet-Higgins, 1972), where

S; is the radiation stress and will be discussed in section 3.5.2.

The time-dependent mild slope equation can be expressed as (Li, 1994)

‘;‘f +v-(cc,vg)-(0* -k*cC, Jp=0 (3.4.38)

or it can be expressed in terms of free surface elevation 1 as

_%Jrv-(cqqu)-(m2 —K*CC,J7=0 (3.4.39)

Equations (3.4.38) and (3.4.39) form the time dependent mild slope equation for
nearly harmonic waves. The equation which is usually denoted as the ‘mild-slope

equation’ follows on from (3.4.38) for purely harmonic motion:

#(x,t) = Refy (x)e™ | (3.4.40)
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as[V- (CC th//)+ k*cc ¢¥ = 0]; for the complex velocity potential y(x). Again for

the water surface elevation:

n(x,1) = Refp(x)e ™ } (3.4.41)
And the mild slope equation becomes
v-(cc,va)+k*cc,n=0 (3.4.42)

The solution of the mild slope equation requires a computational effort which might
become too large when large areas are considered. An area is said to be large, when
measured a characteristic wave length, comprises the distance of more than a couple
hundred wave lengths Dingimean, 1978 (see Mei, 1989). The parabolic
approximation of mild slope equation gives the oppurtunity to deal with large areas
with simple solution methods as long as the slope remains mild. For milder slope the
parabolic equations can provide accurate predictions for wave height. In the
parabolic approximation, diffraction effects in the main wave propagation direction
are neglected, but in the direction normal to main wave direction, they are

formulated.

Berkhoff (1972) formulated an advanced approach for modelling wave propagation
as Ray approaches turning into difficulties when the bathymetry becomes complex
and at the same time when the model includes refraction, shoaling and diffraction

simultaneously to incorporate structures. His mild-slope equation is given by:
2 Cg
V(CC,9)+w (F—)qﬁ =0 (3.4.43)

coshk(h+z)

with ¢(x,y,z)=¢ cosh(kh)

(3.4.44)

where V = (i,—a——). This provides a solution ¢ for amplitude and phase of the

i 9
waves in the horizontal plane. Berkhoff assumed that the bottom slope was mild,
with models based on the mild slope equation performing better than the ray models.
Berkhoff’s approach solves the velocity potential of the wave in the horizontal
direction and typically requires 5-10 computational grid points per wave length. This

is impractical for many cases. Radder (1979) used a parabolic approximation, which
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is computationally efficient but with more limitations. The governing equations for
the mild slope equation of Berkhoff (1972) involve the use of instantaneous water

surface displacement n(x,y) as the starting point giving:
(cc,n.)+(cc,n, )+ k*cc,n=0 (3.4.45)

The subscripts here denote the derivative. The wave number £ is related to the local
water depth h by the dispersion relationship which was shown in equation (3.4.25).
Then the mild slope equation is reduced to a variable coefficient Helmholtz equation

by introducing a transformation described by Radder (1979), which is given by:
@ =,/CC, (3.4.46)

Inserting this expression for @ into the mild slope equation gives

O +D +K'®=0 (3.4.47)

Wee,), +ee,),

cC

g

where K’ =k’ - (3.4.48)

For the case when considering the mapping of the variable coefficient Helmholtz
equation from Cartesian (x,y) space into an alternate (u,v) space, the Jacobian of the
transformation J can be expressed as (Sokolnikoff and Redheffer, 1966):

J=XyYv - Xy Yu (3.4.49)

In this derivation of the mild slope equation, with a parabolic approximation for a
large wave angle, the orthogonal system (u,v) and the Cartesian system (X,y)
represents the same co-ordinate system and the governing equation can be expressed
in terms of (u,v) co-ordinates to match up with Kirby et al. (1994). For the Cartesian
system J becomes unity, that is J = [, (as x, =1, y, =1, x, =0 and y, =0) and
equation (3.4.48) can be re written as:

©, +D, +KDP=0 (3.4.50)

which gives the governing equation for the orthogonal domain.
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In this section a parabolic method first proposed by Booij (1981) has been the higher
order (alternatively the large angle) approximation to Booij’s method has been
justified in the context of a consistent multiple-scale expression by Kirby (1986).
The governing Helmholz equation (3.4.50) can be split into forward and back
scattered waves®*and®~, where ® =®"* +®". This approach is based on the
observation (Booij, 1981) that the differential equation

0 (10¢, )+a¢m -0 (3.4.51)
ou\o ou

can be split exactly into an equation for the transmitted field and an equation for the
reflected field giving:

% =iog, and % =—-iog, (3.4.52)

where @, =0, +D,~

A new variable can be introduced of the form:

¢, = AD (3.4.53)
which when substituted into equation (3.4.51) gives the equation

A0, + (2@ 4o, )(D“ +(,1w _oA )cp +A5® =0 (3.4.54)

o o
Eequation (3.4.50) can now be re-written as
O, +0’d=0 (3.4.55)
2 2 2 q)w
where oc’d=0 +K'0=K (<D+—1—<T) (3.4.56)

In equation (3.4.55) there is no single derivative of ®, so we require the coefficient

of ®, in equation (3.4.54) to be zero which gives

(21" _2o, ) =0 which gives 4 = ayz (3.4.57)
o

Hence equation (3.4.54) becomes

o, +(124,), o+ @ =0 (3.4.58)
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In the same way as was done by Radder, it can be assumed here that the derivatives
of A (second derivatives of A with respect to u and terms which are quadratic in 4, )
can be neglected to recover equation (3.4.55) from equation (3.4.58). By using
equation (3.4.57) in equation (3.4.52), this gives:

(a07), = ir 0 (3.4.59)

which gives (as 4 = o“’v2 ) from equation (3.4.56)

3

Yy 3 -4
[(K]“)((D* +?12—d);,)/ } =i(K2)'“(<D* +;<1—2-¢;) (3.4.60)

By approximating the operators in equation (3.4.60) and using the first two terms of
the binomial expansion (according to Booij, 1981) then this gives the parabolic

model equation.

‘4 + 1 + — 2 3; + 3 +
[(K )(dD TS d)w)]u =i(k?)y (CD TS q>w) (3.4.61)

Hence, by dropping the (+) superscript and also differentiating gives the equation
- -2 L - 3i/,\
@, +(2K) '(K)u(l)——z-(Kz) 2((K2)2J o, +(4k)'®,, = iKCD+:l(K) ‘D,
....(3.4.62)
Again based on parabolic approximations, it can be assumed that the wave being
considered here consists of a progressive part, whose phase accumulates along lines
of constant v, and which therefore has u as the preferred propagation direction. So

the velocity potential @ can be written as

= Re{Ae‘f """‘b""} = Re{Ae‘I "“““} =Re {6} =Re {Al} (3.4.63)

where = Aeij Ko and 1= eij Kol as Jo=1
Then

i j Kodu

b, = AV 1 gik 1M = AT+ MK, (3.4.64a)
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b = AT " 124,k T 4 Ai(K,), T 4 ik, e (3.4.648)
= A, 1 +24,iK,I+ Ai(K,), - AK2I
i} Kodu
g, =A.e Jroae_ Al (3.4.64c)
6. =AI (3.4.64d)
B = AT+ A iK™ = A [+ 4_iK,I (3.4.64¢)

By substituting the value of equation (3.4.64a) to (3.4.64¢) into equation (3.4.63),
and cancelling I from each side and multiply by (2iK), we get

l/
2iKA, +2K(K —KO)A+i(K)uA+[§—%(£°—) ZJAW 3 (K) A, +——4_ =0

2 K aK? 2K
(3.4.65)
Neglecting the small term A4,,, the above equation becomes
3 1(K,\? 3
2iKA, +2K(K - K )A+i(K) U+|=—=| =2 | -2 (k) |[4. =0 (3466
+RK(K - KA+ 1K), {2 %] 4K2()u}w (3.4.66

This is the governing equation for the parabolic wave model that will be used to
predict the wave height after specified simualtion time. The value of the different
co-efficient will be discretise in finite difference scheme (in Chapter 4). The solution
of a parabolic differential equation requires the availability of initial and boundary
conditions. The initial values can be derived from the incoming wave field, the
conditions along the lateral boundaries are more difficult to establish. The boundary

condition should be such that wave approaching a boundary are not reflected there.

3.45 Wave Breaking

The wave height is limited by both depth and wavelength. For a given depth and
wave period, there is a maximum height limit above which the wave becomes
unstable and breaks. This upper limit of wave height is called breaking wave height.
In deep water it is a function of wave length only but in shallow water it is a

function of both depth and wavelength. Waves propagating through shallow water
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are strongly influenced by the underlying bathymetry and currents. A sloping or
undulating bottom, or a bottom characterised by shoals or underwater canyons, can
cause large changes in the wave height and direction of travel. Other bathymetric
features can reduce wave heights. The magnitude of these changes is particularly
sensitive to wave period and direction and how the wave energy is spread in

frequency and direction. Wave transformation across irregular bathymetry is

complex.

When a wave approaches a beach, its wave length L decreases and its height H will
generally increase, causing the wave steepness H/L to increase. A wave breaks as it
reaches a limiting steepness, which is a function of the relative depth h/L and the
beach slope tanf. Much research has been undertaken to develop a relationship to
predict the wave height at incipient breaking, H,. The term breaker index is often
used to describe the non-dimensional breaker height, with the common index being

expressed as
Yy =—— (3.4.67)

where h; is the depth at breaking. McCowan, 1891 (see Weggel, 1972) theoretically
determine the breaker depth index as y, = 0.78 for a solitary wave travelling over a
horizontal bottom. Later it was established that breaker indices depend on a beach
slope and incident wave steepness. From laboratory data using monochromatic
waves breaking on smooth plane slopes, Weggel(1972) derived the following
expressions for the breaker depth index:
H b

gT’

7,=b-a (3.4.68)

for tanp < 0.1 andHO'/ L, <0.06; and parameters a and b can be obtained

empirically giving:

1.56
a =43.8(1_el9mnﬂ) and b=-a:;——|_95la_n/3_) (3469)

Wave set-up is the superelevation of the mean water level caused by wave action,

the total water depth is the sum of the still water depth and the setup, that is:
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d=h+n
The mean water level is governed by the cross-shore balance momentum
dn_ 1 dS,

o —E—dx— (3.4.70)

3.4.6 Calculation of Wave Height and Wave Angle

When a wave enters a shallow water region, it undergoes various mechanisms before
breaking. All these processes either create or dissipate energy. Based on the
conservation of energy these processes can be formulated in the form of
mathematical equations. The main parameters such as wave height, wave angle and
wave period are given as uniform values over the model domain at the beginning of
the simulation. The wave celerity, wave number and the dispersion coefficient are
obtained with the initial values, then the initial wave height and wave angle are
calculated by using Snell’s law. These calculations can be done both with or without
currents. Hence, based on equation 3.4.66, the different complex values of that

equation are obtained by solving the matrix coefficients.

The calculation of the wave height and wave angle based on the conservation of
energy are described in this following section. The main assumption is that the
wave model first opeartes then the current model starts functioning. The equation of

conservation of wave action is given as:

a—k+Vb'_=O (3.4.71)
ot
This equation states that any temporal variation in the wave number vector (k) must

be balanced by spatial changes in the wave angular frequency (o). In assuming that
the wave front is moving with the current U = U7 +¥j , then the frequency of the

wave with respect to a stationary frame of reference (Dean and Dalrymple, 1994) is

given as:
F=c+k-U (3.4.72)
Substituting equation (3.4.72) into (3.4.71) gives:
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ok - -
E+V(a+k-U)=0 (3.4.73)

For steady wave number field V(o+k-U)=0 which requires that

[0'+IE .U = Const.], and where no current is present (U =0), then o = Const. =
27T and:

27

a+1€-0=—T— (3.4.74)

By using the dispersion relationship (Eq. 3.4.25), then the wave refraction equation

through wave-current interaction is given by (Longuet-Higgins and Stewart, 1962)

w/gktanh(kh) + Uk cos@ + Vksinﬂz%{—r— (3.4.75)

The wave number (k) is determined from equation (3.4.75) for a given current
velocity, wave angle and water depth. The wave angle & is calculated from the
following equation (Dean and Dalrymple, 1994) to give:

os@ 99 1%k +sind §£+_1__6_I£ =0 (3.4.76)
Ox koy oy kox

Noda et al., 1974 (see Lima, 1981) give the value for the different terms used in

equation (3.4.76) as:

1ok _060 UsinH—Vcosﬁ—ul@_k (3.4.77)
kox ox| 4 4 kox

10k _06 Usin@ -V cos@ +l§’i (3.4.78)
koy vl 4 | ko

where A=Ucos@+ Vsin9+%[l+—-2—k—h-—}[g—Ucosﬁ —Vsin 9] (3.4.79)

sinh(2kh) || k

1ok 1] oU . .oV (o—-Ukcos@—Vksin8)oh |

_E oD %Y +sing<- i 3.4.80

k ox (mse w o ){ sinh(2kh) )ax_ (3.4.50)
[ - —Vksin ) oh |

1o 1 coseﬁg+sineﬂ)+(" Uk cos§— Pk sin J—— (3.4.81)

k oy A Oy oy sinh(2kh) o |
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The final form of the wave angle equation can be obtained by substituting equation
(3.4.77) and (3.4.78) into (3.4.76) to give:

%[cose N sin@(U sin@ — Vcosa)]+_c3_g[sin0_ cos@(Usin6 - Vcose]

Ox A A

_ S (3.4.82)
= l—a—kcos@ —la—ksiné’

k Ox

The effect of refraction and shoaling on the wave heights, due to wave-current
interactions is determined by using the energy equation. The form of the energy
equation was first given by Longuet-Higgins and Stewart (1960,1961) to give:

2_1;"+§{E(U+c&)}+%{s(mc&)}+su%+s,y‘;—5+sy,%+sw%=o

.......... (3.4.83)

Dividing equation (3.4.83) by E and expanding in Cartesian co-ordinate form gives:

21;—%?+(U+Cg cos&%%+(V+Cg sine%%-kg;(U-!—Cg c059)+

(3.4.84)

Bay—(U+Cgsin9)+%{S WU,s .5 9(1+S.A3—V}=o

xx ax xy ax At ay » ay

where E is the total energy given by (3.4.37). For a direct relationship for the wave
height, by differentiating equation (3.4.84), then the energy equation becomes:

2 0H 2 oOH . 20H oU oV
——+U+C,cos0)——+V+C, sinfj——+—+—
Haz(g)ﬁax(g)??ayaxay

oC oC
-C sin9%+cosl9 & +Cgcos092+sin0 £+0=0
AP ox 3y By

(3.4.85)

+8 2485 48 -

1 oU ov oU oV
h =—S  — "
where QO El: . > o Y yyay]

and the group velocity C; is given by equation (3.4.32). The group velocity

derivatives as required for equation (3.4.85) are given as:
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oh ok
C k—+h— inh(2kh) — 2kh
oc, ¥ ax][m (2kh) cosh(2kh)]+l L m Jec a5
ox sinh?(2kh) 2| sinh(2kh) | &x o
Cl k?ﬁ + h——][smh(Zkh) 2khcosh(2kh))
C, | 2B 19C 5 487)
dy sinh?(2kh) 2| sinh(2kh) | dy o
where
oC g oh . ok ok |
== ksech®(kh)| k— =
Peyeral sech®( )( = +ha ) tanh(kh) ™ (3.4.88)
oC g ) oh Ok ok |
== ksech?(kh +h=— |-t haid
S 2k2C_ sech”( )( S 6))) anh(kh)ay- (3.4.89)

The wave height can be calculated by using equation (3.4.86) to (3.4.89).
3.5 Stresses Due To Wave-Current Interaction

3.5.1 Shear Stresses

From the theory of wave kinematics the shear stress distribution can be found by
using the momentum equation on the control surface shown in Figure 3.5.1. The
control surface is fixed in space and has horizontal and vertical sides. Its width is dx,
and it extends from the level z into the air above the wave. The momentum equation
is a vector equation, which contains integral over the volume and the surface area of

the control surface (see Fredsoe and Deigaard, 1994)
j p——dV = [puda)- | pd A+ [pgdV + JaT (3.5.1)
A A V A

where dA is the area vector of surface element, directed out of the surface, and dT is
the force from the shear stress acting on a surface element. Equation (3.5.1) states
that the acceleration of the mass in the volume of the control surface is equal to the
sum of the momentum flux through the surface, the pressure force, gravity, and the

shear stress force acting on the control volume. Here the horizontal projection of
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equation (3.5.1 ) is used, and the equation is averaged over one wave period. The
control surface extends into the air and all of the terms in eqn. (3.5.1) become zero
above the instantaneous level of the water surface (Fredsoe and Deigaard, 1992).
The left hand side of the equation becomes zero after time averaging, because the
waves are periodic, i.e. no momentum is added to the system during one wave

period. Each element of equation (3.5.1), after undertaking integration and with

assumptions, becomes:

dx

%| Ie
—1 Control Volume

—

— Water surface
\ <

Datum

A\ Ao

Ve 7 7/ 7 7 7 7 /7 V4 /7 /

Figure 3.5.1 Control volume to which the momentum equation is applied

0 == e d(cA "1 1z
é Aj pii(ii.dA) = {p‘—ix—(—]-j) + pgHH (Z - gB)}dx (3.5.2)

where e is a horizontal unit vector. The pressure can be found from the hydrostatic

pressure distribution to give:

é[pda= pg( HI; * 4+ 8(D- z)}lx (3.5.3)

The gravity force becomes zero as a horizontal projection is used. The only shear
stress force, which is non-zero, is due to shear stress acting on the horizontal bottom

of the control surface giving

& [dT = ~7x (334

A
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where 1 is the shear stress. The momentum equation can now be re-written as:

d(cA "1 1z HH'
O=qp—| — |+ pgHH_ | ————|}dx+ £ - - Tt .5
{de(T) Pg. x(4 SD]} pg[ 2 +S(D z)}dx dx  (3.5.5)

fz_ﬁd(H')(H_D—z)_ﬁd(cA)_SpgDD—z

8 dx 2D ) T d4 556
=ldEfw(1+D—z _pded) o D-z -
cax \' 20 ) T a4 D

where E is the energy flux of the wave motion. The mean shear stress in the surf
zone is thus composed of three contribution including: (i) the pressure of momentum
fluxes associated with the decaying wave motion in the surf zone, (ii) the change of
momentum in the surface rollers which is constant over the depth, and (iii) the slope
S of the mean water surface, i.e. the wave set-up. It has a triangular stress
distribution well known from uniform channel flow in hydraulics. Near the mean

water surface (at the wave trough level), where z ~ D the shear stress becomes:

= 19Ep pdled) 15 pdicd)
f e dx T dA c T dx

(3.5.7)

where D is the rate of loss of wave energy per unit bed area. In equation (3.5.7) the
first term is due to the pressure and momentum flux of the wave motion, and the
second term, which was first recognised by Svendsen (1984), is due to a change in
the momentum of the surface rollers. For a uniform unsteady wave situation then the

near surface mean shear stress can be written as:

= _Fr 3.58
s cdt L dt (358

. : 1
where E is the energy per unit bed area and given by E = 3 pgH*.

3.5.2 Radiation Stresses
Radiation stresses are the forces per unit area that arise because of the excess

momentum flux due to the pressure of waves. In simple terms, there is more

momentum flow in the direction of wave advance because the velocity u is in the
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direction of wave propagation under the wave crest, when the instantaneous water
surface is high (crest) and in the opposite direction when the water surface is low
(trough). Also the pressure stress acting under the wave crest is greater than the
pressure stress under the wave trough, leading to a net stress over a wave period.

Small amplitude wave theory can be used to approximate reasonably the radiation

stresses.

The presence of waves will result in an excess flow of momentum, which is defined
as the radiation stress (Longuet-Higgins and Stewart, 1964). This flux of momentum
1s formed by two contributions; first the momentum per unit volume associated with
a fluid particle is pu, and its contribution to the flux of momentum across a vertical
section normal to the s-axis (the direction of wave propagation) is given as pu’.
Hence, the total flux of momentum in the s-direction due to wave generated motion

is (Fredsoe and Deigaard, 1994) given as:

h+n

I,= [pude (3.5.9)
[

In the horizontal n-direction perpendicular to the s-axis, there is no momentum flux
due to wave generated motion, as the wave-generated velocity is zero in this
direction. The second contribution to the momentum flux originates from the

pressure and is given by

1,= [pd: (3.5.10)

n < TS

Figure 3.5.2. Radiation Stresses acting on a small triangular element
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The principle component of the radiation stress in the direction of wave propagation
is defined as the time averaged total momentum flux due to the presence of waves,

minus the mean flux in the absence of waves, that is

h+n

h
S, = j(p+pu2)dz— [podz (3.5.11)
0

0

where py is the hydrostatic pressure. The force per unit width caused by the presence
of waves can be given by equation (3.4.32) and (3.4.37) and is always directed
towards the body of fluid considered, no matter whether the waves are travelling to
the left or to the right. As terms of third and higher order are disregarded, then Sss

can be calculated from linear wave theory to give:

2 2kh 1
S, =—pgH | 1+——— |=—E(1+G 3.5.12
s =g P8 ( sinh(2kh)J S E1+0) (3.3.12)

Similarly the radiation stress in the n-direction is given by:

_ 1 .|  2kh 1
Sun = f pdz - fpodz =gret (M) =5 EG (3.5.13)

Hence, the radiation stress tensor becomes:

S=|:S" S‘"]=lE[(l+2G) 0] (3.5.14)
S S | 2 0 G

ns nn

In the co-ordinate system where the two horizontal axes x and y do not coincide with
the s and n-directions, then the radiation stress tensor can easily be calculated by
considering the force balance on a small triangular vertical column as indicated in
Figure 3.5.2. This gives the following radiation stress tensor:

Se Su| 1 |(1+G)cos’a+G (1+G)sinacosa
[s]= p =—E
s

. S,| 27|(1+G)sinacosa (1+G)sin*a+G

(3.5.15)

In complex coastal areas, obliquely incident waves are genereated from offshore
deep water to shallow water beaches. Wave driven currents are produced which, in

turn create the radiation stresses in the longshore and cross-shore directions. In order
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to obtain the depth integrated momentum equation for wave-current driven flows,
the depth integrated momentum equations in the x and y-direction (i.e. equations
3.3.61. and 3.3.62) should include the radiation stress terms (equation 3.5.15). The
modified depth integrated momentum equations, including the radiation stresses for

wave current driven flows can be described in the x and y-directions as:

oUH 6,6’(]2H OpUVH on p
+ + = fVH-oH—L+29% 2 2
Py P Y fVi g o + - CWWXJWX +Wy

3.5.16,
_gU\/U"+V2 e 262U+62U+62V s, oS, ( /
C? o yr oy ax By
OVH OPUVH OpV’H on p 2 ;
+ + = fUH -~ gH — +—*°
a0 p. & JUH —gH . + P CWWYJW)r +W,
(3.5.17)

gVANU? +V? o’v o'V o'U) oS, oS,
-+ | 25+ —+ -
C o oyt oxdy) oy  ox

3.5.3 Lateral Mixing

Lateral mixing is based on momentum exchange between fluid elements as they
fluctuate. It was first observed by Prandtl, 1925 (see LeMé¢hauté, 1976) and
explained by the exchange of momentum that occurs in forward direction of the
turbulent flow due to the difference in speed between two fluid elements. The
average distance travelled by particles before their momentum is suddenly absorbed
by their new environment was called the ‘mixing length’, lx. Figure 3.5.3 is a
schematic representation of this exchange of momentum for lateral mixing

formulation.

The flux of the momentum in translating fluid from x; to x> (Figure 3.5.3) is o
The momentum change per unit time in the direction of the mean flow is (-pu'v),
where (—V)is the difference in velocities between the two layers. Conversely

according to Newton’s Second Law, the shear stress per unit area exerted by the
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fluid layer at x; on the fluid layer at x, is given by 7 =—pu'v'. Using the Taylor

expansion to first order, the shear stress between the fluid layers can be written as

,, oV
r=-pull — (3.5.18)
V(x)
/
’\ dV/dx
1 ;
)
Ix
V] V2
> X
X1 X2

Figure 3.5.3. Lateral mixing formulation sketch

The velocity distribution could vary in two directions for an arbitrary co-ordinate
system, therefore the shear stress could also include a term (Dronkers, 1964)

ou

T=—pV’l).3y— (3519)

The shear stress will be assumed to be

T, c—p(u'l, Ll +V1 a—U) (3.5.20)
S Ox oY

For a Newtonian fluid in local hydrodynamic equilibrium, the viscous shear stress

can be described as:
r; =p0;v; +0,v;) —%(6.{5);150. (3.5.21)

o;=1 i=]j
where §; is the Kroneker delta: L
0,=0 i#}j

- . : v v aui
Equation (3.5.19) can be re-written in the form: 7" = (7;) = pz{6 )
29

J
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In solving the turbulent Reynolds stresses, Boussinesq (1877) (see LeMéhauté,

1976) proposed that they could be represented in a diffusive manner (Falconer,
1993) as:

’

' . 2
~uu; =0' @, +0,u) -4, (3.5.22)

where A is the kinetic energy per unit mass contained in the turbulent fluctuating
motion and defined as A=1/2*[u’ + v’ + w’] (ASCE, 1988). So for coastal and
estuarine waters the turbulent shear stress can be assumed to have the same form as

the viscous shear stress (Equation 3.5.20) (McComb, 1992) and can be expressed as

r au
' =—pu,u; =(r})) =pu’(gf} (3.5.23)
J

Based on the above equation, the components of equation (3.5.20) can be written as:

&, =u'lande, =V'l, (3.5.29)

The lateral shear stress can be finally written as:

oV oUu
] p( x ax h) a ) ( )

3.6 Sediment Transport

The mechanism of sediment transport is still not fully understood, especially in
complex areas like estuaries and surf zone regions where so many interacting
processes are occuring at the same time. Researchers have for some times been
trying to find a unique sediment transport formula which can be applied to any
cases. The complexity of the mechanisms and the difficulty of getting accurate
physical data are another obstruction. The sediment transport flux is dependent on

many parameters including, for example:

g, = fu.,UV,H,d,h,w,s,0, p,...... ) (3.6.1)

where g, =sediment flux per unit width; d= sediment mean size; w; = particle

settling velocity; s = sediment specific gravity = ps /p; and p; = sediment density.

92



Chapter 3 Governing Equations of Fluid Flow

Sediment Size: The most common measure of sediment size is the sieve diameter,
because of the different particle shapes in nature. The sieve diameter is the length of
a side of a square sieve opening through which a particle will just pass. Different
sizes of representative diameter must be chosen when dealing with natural
sediments. Most of the time the median diameter dsy, is used (where the subscript d
denotes the percentage by weight of sediment finer than that diameter). Some
authors have used different values in their respective formulae. Ackers and White
(1973) recommended d;s, Einstein (1942) (see Graf, 1971) favoured splitting the

sediment into different size fractions and analysing them independently.

Settling Velocity: The settling velocity is the terminal velocity of a particle falling
in clear still fluid. This is a very important parameter, since it express the hydraulic
properties of a sediment particle, mainly the size, shape, density and chemical
properties. Owen (1976) recommended measuring the fall velocity in situ. This is
not often used and the settling velocity is generally calculated from the measured
diameter. By definition of the settling velocity the particle is in equilibrium and the

submerged weight can be equated to the drag force giving, for a sphere:

(p, - p)gmd’ 16=Cppwsrd® /8 (3.6.2)

where Cp = Drag coefficient. Since Cp varies in a complicated manner with
sediment size, different formulae have been proposed for various ranges of particle

size. For coarser particles van Rijn (1984b) proposed a relationship of the form:

w, =1.1/(s - 1)gd (3.6.3)

These formulae can only be considered as an approximation to the settling velocity,

since they rely on many assumption.

Initiation of Motion: The importance of the bed shear stress as the governing
mechanism causing sediment motion was first recognised by Du Buat (1786) (See
Owens, 1986). The concept of critical shear stress T, which is just sufficient to
cause incipient motion, was first introduced in this century and much work is still

on-going in this field. The concept of initiation of motion can be explained by
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Shield’s diagram, in which a relationship for the initiation of motion was first
developed. The relationship is between two dimensionless parameter called the shear

Reynold’s number R+, and an entrained function F+, given as

d
R =% (3.6.4)
[}
u.z
Fo=—t 3.6.5
(s-1gd (3.6.9)

The Shield’s diagram is sketched in Figure 3.6.1. This curve represents the
relationship between the sediment size and the thickness of the laminar sublayer of
the flow. The entrainment function is proportional to the ratio of the lift force to the
submerged weight of a particle. Shield’s curve is widely used in sediment transport
formulae, but one disadvantage is the use of u+ in both dimensional parameters R«
and F+. To overcome this problem u+ can be eliminated from equation (3.6.4) and

(3.6.5) to give the dimensionless particle parameter, Ds

10°
F.
Motion 4}
10" N
No Motion
102
10" 10° 10! 10? 10°
> R.
Figure 3.6.1: Shield’s diagram
1/3
~1
where D, = d[ (s-De ] (3.6.6)
v

D+ was used by Van Rijn (1984a) as an axis for Shield’s curve.
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3.6.1 Two Dimensional Depth Averaged Sediment Transport Equation

For the sediment transport model, two widely used equations are considered in the
formulation of DIVAST for predicting both suspended and bed load sediment
fluxes. These two well known formulae are those proposed by Engelund-Hansen
(1967) (see Graf, 1971) and Van Rijn (1984). Owens (1986) did some detailed
comparison of several sediment transport formulation for extensive laboratory flume
data and sediment flux measurements and found that the Engelund-Hansen
formulation apppeared to be more accurate than most of the other schemes
considered and it was also computationally more efficient. Again in the recent times
Van Rijjn’s formulation is more widely used by researchers and practising engineers
in sediment transport modelling because it is based more on physical reasoning, and
backed up by field measurements, rather than being based on empirical formulations

relating to the specific data.

For a horizontal or quasi-horizontal flow, the three-dimensional solute mass balance
equation can be integrated over the water depth to give the two-dimensional depth

integrated advective-diffusion equation according to Fischer (1979) as :

ot ox oy Ox

OHS N OHUS . OHVS © oS 0S| O
XX ax @} ay

HD,Z>+HD  — +——[HD ——+HDH,5—y—}=E

where

S = Depth averaged suspended sediment concentration (unit/volume).

Dy, Dy, Dy, D,, = Depth averaged dispersion-diffusion coefficients in the x,y
directions (m?/s), For the dispersion-diffusion terms, the coefficients can be of the
following form in two-dimensions according to Falconer et al. (1996). In which, ; is
the longitudinal depth averaged dispersion constant (dimensionless), ; is the depth
averaged lateral turbulent diffusion constant (dimensionless). For values of 4; and &,
these can be set to minimum values assuming a logarithmic velocity distribution.

The value of k; = 5.93 and k, = 0.15 were proposed by Elder (1959).
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kU2 +k V>
Dn=(’ + kg (3.6.8)
CJU? +V?

xy )x CW (369)

kV?+kU?
D}y=(' kU g (3.6.10)
VU +v?

E = net erosion or deposition per unit area of the bed. It can be shown (Owens,

1986) that the depth averaged erosion or deposition can be expressed as:
E=mw,(S,-5) (3.6.11)
where

Se = depth averaged equilibrium concentration

y = a profile factor given by the ratio of the bed concentration S, to the depth

averaged concentration S.
3.6.2 Estuarine Sediment Transport
(i) Bed-load transport (Van Rijn, 1984a)

The transport of particles by rolling, sliding and saltation is called the bed load
transport and Van Rijn, (1984a) formulae is described here. Bed load transport can
be calculated from a number of different methods as given by Meyer-Peter et al.
1948 (see Graf, 1971); Bagnold 1966 (see Graf, 1971) and Van Rijn, 1984a.
According to Bagnold (1954), the movement of bed load particles was dominated
by particle saltation, caused by a combination of hydrodynamic and gravity forces,
which means that the motion of bed load particles is assumed to be dominated by
gravity forces, while the effect of turbulence on the overall trajectory is of minor
importance. In this present analysis, the bed load transport is defined as the transport
of particles by rolling and saltation along the bed surface. The transport rate (g5) of
the bed load is defined as the product of the particle velocity (), the saltation
height (&) and the bed load concentration (Cp).

g, =4,0,C, 3.6.12)
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where  u, =1.5[(s’ -1)gD]** T° (3.6.13)
3, =03DD.”’T°* (3.6.14)

T
C, =0.18S, (3.6.15)

*

The basic assumption of the bed load transport rate can be described adequately by
two dimensional parameters which are (a) dimensionless particle diameter D-,
described in equation (3.6.6) and transport stage parameter (7). The D« parameter
can be derived by eliminating the shear velocity from the particle mobility parameter
and the particle Reynold’s number, while the T parameter express the mobility of the
particle in terms of the stage of movement relative to the critical stage for initiation

of motion.

_ (u.,)2 —(u.,, )

Transport stage parameter, T ) (3.6.16)
u‘tr )
where u. =(g%° /C")i = bed shear velocity related to grains
, 12h . :
C'=18 log(3 ) = Chezy coefficient related to grains
10
u = mean flow velocity
u., =[6., (s -1)gDy, ]0'5 = critical bed shear velocity (3.6.17)

where @, = critical mobility parameter given by Shield’s

By substituting equation (3.6.13), (3.6.14) and (3.6.15) into equation (3.6.12), the
bed load transport (in m’/sec) for particles in the range 200-2000 um can be

computed as:
2.1
[ 1)qb]°'5 p 00 1€°3 (3.6.18)
s—-1g 50 .
or g, =0.053(s - 1)*° g**D}; D’ T*' (3.6.19)

Equation (3.6.19) was found to overpredict the transport rates for T>3 (Van Rijn,

1984a) and modifying expressions have suggested for the range as:
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g, =0.1(s =) g* D*’T"* | forT >3 (3.6.20)

The assumptions considered to derive equations (3.6.19) and (3.6.20) are as follows:
(1) particle diameter (D5 ) ranges from 200 to 2000 m.
(i1)  water depth larger than 0.1 meters.

(11)  Influence of side wall roughness was eliminated

’

(iv)  Form roughness was eliminated by using a bedform factor, 7, =—

’

Ty
(ii) Suspended-load transport (Van Rijn, 1984b)

This is a complex formulation to calculate the depth integrated sediment flux per
unit width. The particle diameter is calculated by equation (3.6.6). The critical bed
shear velocity U has been calculated from Shield’s diagram (Figure 3.6.1), where
D: <4 6, =024Dy)"’
4 < Ds <10 ;8, = 014D)""
10< D+ <20 ; 6y = 0.04(D)*"°
20< D <150 ; 6, = 0.013(Dy*?
;6

150< D- ey = 0.055

From equation (3.6.17) we can find Us and from which

2
6, = ——(l—]—il— 3.6.21)
(S - 1)gD 50
. , 12R,
The Chezy coefficient is calculated from C’' =18log 3D (3.6.22)
90
18U,

The effective bed shear velocity is given as: U, = (3.6.23)

C’
where R ;, = hydraulic radius related to bed

U, = depth average fluid speed
The transport stage parameter I can be calculated from equation (3.6.16). The
reference level ‘a’ for the elevation of the boundary transition from bed load to

suspended load transport is defined by: a = 0.54.
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A D 03
here —=0.11] =2| {1-e*T)25-T 3.6.24
where [H] (1-e7)as-1) (3.6.24)

The reference concentration S, is calculated by:

D, T"
S = 0.015755F (3.6.25)

The representative particle diameter Ds of the suspended sediment is calculated by:

Ll))—sl+0.011(0's —1)XT - 25) (3.6.26)

50

where o = geometric standard deviation of bed material, defined as:

o, =1[9-§4—+9ﬂ] (3.6.27)
2 D50 D16

Fall velocity, w; can be calculated from equation (3.6.3) and a factor ¢ is defined as:

Wf 0.8 S 0.4
=2. —a .6.28
y 25[&] M (3.6.28

o

where S, = maximum bed concentration (=0.65)

The suspension parameters Z and Z’ are calculated as:
W,
andZ'=7Z+¢ (3.6.29)

prU.

Finally the factor ‘F” is calculated by

A

Z =

- (3.6.30)
a
I-—1 (1.2-2
-] 02-2)
The depth integrated suspended load per unit width, g; is
qgs =FU;HS, (3.6.31)

The equilibrium depth averaged sediment concentration S, can be calculated and

will be used in equation (3.6.11) §, = s
q
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3.6.3 Nearshore Sediment Transport

The sediment transport in the nearshore zone is influenced by the wave and wave
breaking in the area. When waves propagate into shallow waters near coasts they
may encounter relatively strong currents which affect the wave characteristics, the
current velocities and the bed shear stress. In order to evaluate the sediment
transport equations for combined waves and currents, it is necessary to know the
wave height, the water motion in the wave, the bed shear stress, the turbulence level
and the current which are introduced in the surf zone. The energy dissipation in this
area is one of the important factors to consider to calculate the wave height decay

and also is a measure of the production of turbulence in the surf zone.

The flux of the wave energy and the radiation stress decreases in the shoreward
direction and vanishes in the shoreline. The change in the wave momentum can not
be balanced by a pressure gradient, it needs shear stresses as well, which can only be
associated with mean current. Breaking waves can drive strong currents in the surf
zone, and this wave driven currents are important for the sediment transport and

morphological development in the coastal region.

The method described by Van Rijn (1993) to yield the bed load transport and the
suspended load transport due to the combined affect of currents and waves were
used in this study (detail in Appendix A). An instantaneous approach is used to

compute the instantaneous bed-load transport from the equation

g, =0.25du. DT (3.6.32)

in which u._ =z} / p)* = g**#/C" = effective bed shear velocity (m/s)

The time-averaged value is obtained by averaging over the wave period. The

instantaneous bed load transport can be expressed as:

qb (t) = 0'25ad50D‘_0V3 [T;,rw /p]os [(Tl'z,c‘w - z-b.cr )/ Tb,t‘r ]I.S (3 6 33)
where
qs (1) : instantaneous bed load transport
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a

: calibration factor = /- (H, /)"’

T . . .
bicw : grain related instantaneous bed shear stress due to combined current
and wave (N/m? )
Tocr : critical bed shear stress according to Shields (N/m? )

A time-averaged approach is used to compute the suspended load transport

integration over the depth of the product of velocity and concentration, as follows:

h

Current direction : g, = 'fucdz (3.6.39)
h

Wave direction : ¢, = J.vcdz (3.6.35)

where

gs :suspended load transport (m? /s)

u : current velocity at height z above bed in the direction of velocity vector (m/s)
v :wave-induced velocity (m/s) at height z above the bed in the wave direction
c : sediment concentration (volume) at height z above the bed computed

numerically from the convection-diffusion equation
a : reference level (m)

: water depth (m)

Based on the sediment transport rate the coastal profile evaluation can be obtained.
The coastal profile can vary considerably during a year or even a single storm event.
The cross-shore sediment transport plays an important role in the development of the
coastal profile. The coastal model formulating the morphological development is
two-dimensional that means the net discharge in the direction parallel to coastline is
zero. The morphological development can be computed numerically. The
onshore/offshore and longshore sediment transport rates are calculated with the
variation of transport across the profile. From the sediment transport field, the

development of the coastal profile is calculated by the continuity equation for the

sediment

oz 1 Oq

e _ Msx 3.6.3
ot 1-n oOx ( 2
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where z is the bed level, n is the porosity of the bed and g, is the sediment transport
rate in the cross-shore direction. In practise, the sediment transport model and the
continuity equation will have to be solved numerically. Normally a finite difference
scheme 1s used, so that the hydrodynamic conditions and sediment transport rates
are calculated at each grid point at time ¢. By use of equation (3.6.36) the bed
topography after a morphological time step (1+A4¢) is determined. It is not trivial -to

select the numerical scheme for solving the continuity equation.

3.7 Summary

The governing equations of fluid flow and sediment transport in estuarine and
coastal waters have been given in this chapter. This chapter was divided into three
parts. Firstly, from the general form of conservation and momentum law, the two-
dimensional depth integrated fluid flow has been obtained. Also the corresponding
boundary conditions and shear stresses are discussed. Secondly, the mild slope
parabolic wave equations have been derived in a Cartesian co-ordinate system. The
different stresses occurred for wave-current interactions have been discussed.
Finally, the sediment transport rate due to estuarine and nearshore wave effects have
been obtained. Also, the depth integrated mass balance equation for predicting bed

level changes was reviewed.
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CHAPTER 4

NUMERICAL MODELLING

4.1 Introduction

The basic governing equations for the hydrodynamics, nearshore wave induced flow
patterns, sediment transport rates due to tidal currents and wave action have been
derived in the previous chapter [Chapter 3]. The principles of mass, momentum,
energy, wave motion and sediment transport mechanisms have been established,
which can be used for any suitable solution scheme. A suitable numerical procedure
now has to be selected to solve the set of equations, both accurately and

economically.

Numerical methods are used to convert any differential equation into an algebraic
difference form, which can then be solved for the unknown values at incremental
finite points, both in space and time. An intensive amount of work has been done on
the numerical solution of a set of partial differential equation. The most common
type of numerical methods used in the field of hydraulics are the finite difference

method, the finite element method and the finite volume method.
All of the methods have advantages and disadvantage when compared to one

another. The finite difference method of solution, either explicit or implicit, is more

efficient than the finite element method and also the approximations of the
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differential equation are relatively straightforward. However, the treatment of the
boundary condition is not so simple. The finite element method requires less nodal
points and is more suitable for modelling irregular boundaries. The finite difference
method uses less computer time for the same set solution than the finite element
method. On the other hand the finite volume method is the integral formulation of
the governing equations, which can be discretised directly and transformed to an

algebraic system of equations (Roache, 1998).

The numerical modelling of coastal and estuarine waters generally covers a large
domain in space and also for unlimited time as this is a long-term process. The main
objective of this study is to model the estuarine process for both tidal and wave
action for long term sediment transport process, so the accuracy of the model
boundaries was not the main focus of attention. In this study the governing
differential equations have been discretised and approximated using the finite
difference method, which has been successfully applied in many numerical model
such as DIVAST (Depth Integrated Velocity and Sediment Transport), TRIVAST
(Three Dimensional Layer Integrated Velocity and Sediment Transport), PARAB
(Parabolic Wave Model), WRAY (Wave Ray Model) etc.

4.2 Finite Difference Method

In the field of computational hydraulics there are many problems which require the
numerical solution of differential equations. One of the classical ways to approach
these computational problems is through the method of finite differences. The finite
difference method is generally regarded as the oldest and simplest method for
numerically solving differential equations. This method uses the Taylor series
expansion to approximate the derivatives of the differential equation. The

differential terms are then replaced by discrete spatial or temporal differences.
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The method consists of the approximate estimation of the values of one or more
functions at characteristic locations (nodes) of the solution domain. This numerical
estimation is achieved by discretisating the domain through a one-, two- or three-

dimensional grid, and the approximation of the differential by a difference equation.

The Taylor's series expansion states that the value of a continuous function f{x) can

be calculated at point (x+Ax) by stating (Sokolnikoff and Redheffer, 1966):

_ o (x) , & O f(x)  AX O’ f(x)
fx+Ax)= f(x)+Ax ™ o TR +H.OT. 4.2.1)

where Ax is taken as increment of x and H.O.T. = higher order terms.
Similarly the value of function f{x) at the point (x-Ax) can be approximated by

af(x) Ax’ 0°f(x) _Ax® 2’ f(x)
2 & 3

Sfx—-Ax)= f(x)-Ax +HOLT. (4.2.2)

fX)

Central difference

Forward difference

x-AX X X+AX

Figure 4.2.1 Comparisons of Finite Difference Approximation
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The details of Taylor’s expansion series are described in Smith (1985). From

equation (4.2.1), we can obtain a second order finite difference representation of the

form:
F(x) _ f(x+Ax)- f(x-Ax) 2
a e + O(Ax”) (4.2.3)

Which is called the central difference scheme with a leading truncation error of order
(AX). In any finite difference scheme the central difference are preferable due to the
associated small function error. The accuracy of any scheme depends on the size of
the distance Ax and also on the spatial variations of the function involved (Hirsch,

1988). The three schemes are illustrated graphically in Figure 4.2.1.

An approximation to the second derivative can be obtained by summing equation
(4.2.1) and (4.2.2) to give:

2’ f(x) _S+A)-2f(x) + f(x— Ax)
ox? Ax?

+0(Ax?) (4.2.4)
which is also second order accurate having a truncation error O(Ax?).
Approximations of higher order accuracy are possible by including Taylor series
expansions for fix+24x), fix-2Ax) etc. (for further details see Smith, 1985). These
will usually result in more complex equations whose solutions require greater

computational effort.

The difference equations can be solved either explicitly or implicitly. Explicit
solutions of these equations are obtained at each mesh point, depending only on
previously calculated or boundary values. Implicit solutions are obtained when the
set of equations is solved simultaneously at each time step. The differential
equations from equation 4.2.1 to equation 4.2.4 can be represented in a number of
different finite difference forms. The approximation and substitution of differential
operators by difference operators and the numerical integration over the discretised

solution domain is not simple. In order to obtain an appropriate numerical scheme, it
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i1s necessary to check the quality of the finite differences numerical schemes

(Koutitas, 1981), which includes the criteria of: stability, accuracy, consistency and

convergence.

A finite difference numerical scheme will be stable if the error introduced by the
numerical scheme remains bounded. The measure of the accuracy of a scheme can

be made by calculating the ratio of the numerical and physical wave speeds.

Each finite difference scheme is said to be consistent if in the limit as Ax, At — 0,
the difference equation tends to the original differential equation, i.e. the truncation
error term disappears as the incremental step is reduced. If this requirement is
satisfied, then the difference scheme is said to be consistent with the differential

equation.

Convergence exists if the numerical solution tends to the analytical when Ax—0.
The solution of a finite difference scheme should always converge to the true
solution after a certain number of time steps. Analytical investigations of
convergence tend to be complex. So a good finite difference scheme should satisfy
the criteria of stability, consistency and convergence and maintain a high order of

accuracy. Further details of these properties are given in Roache (1998).
The various numerical properties of finite difference schemes will now be

considered for the hydrodynamic, sediment transport and wave equations in order to

establish suitable finite difference representation for the above equations.

4.3 ADI Finite Difference Scheme

The particular type of finite difference scheme used in this model is based upon the
Alternating Direction Implicit [ADI] technique, which involves the sub-division of

each time step into two half time steps. Thus a two-dimensional implicit scheme can
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be applied, but considering only one dimension implicitly for each half time step,

without the solution of a full two-dimensional matrix.

On the first half time step the water elevation (77), the U velocity component in the x-
direction, and the solute concentration are solved implicitly in the x-direction, while

the other variables are represented explicitly. Similarly for the second half

®— ® ® B
© e ® e ® s D . @

@- ® ® ®— I
@ o @ o @ e @ o @

>——@ ® >
© ¢ ©® o @ o @ o @
tLot o+ o o
@ o @ o (T . ﬁe e @

1@ ®-

P x

1-1 i i+l

Notation:

@ Water elevation above datum (1) and Solute concentration (S)
= X - component discharge per unit width (p = UH)

T y- component discharge per unit width (q = VH)

O Depth below datum (h)

Figure 4.3.1: Space staggered grid scheme
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time step, the water elevation (7), the ¥ velocity component in the y-direction and
the solute concentration are solved implicitly in the y-direction, with the other
variables represented explicitly. The resulting finite difference equations for each
half time step are solved using the method of Gauss elimination and back

substitution, with the inclusion of initial and boundary conditions.

A space staggered grid system is used, with the variables 7 (elevation) and §
(concentration) being located at the grid centre and with the U and ¥V velocity
components at the centre of grid sides as shown in Figure 4.3.1. The use of a
staggered grid system prevents the appearance of oscillatory solutions, which tend to
occur in non-staggered grids for space centred differences. The depths are specified
directly at the centre of the grid sides so that twice as much bathymetric detail can be
included as in the traditional way, which gives depths at the corners. This method
also allows the bed topography to be represented more accurately. The advantage of
using a staggered grid for the wave equations is that for each velocity point there is a
spatially centred approximation for the water elevation derivative and for each
elevation point there are spatially centred differences for both velocity components.

Variables required at other grid locations are calculated by linear interpolation.

4.4 Solution Formulation

4.4.1 General Outline

The finite difference transformation of the mass and momentum equations,
following Falconer et al. (1999), and the energy equations presented by Lilly (1965),
Holland and Liu (1975), Blumberg (1977) and Dalrymple and Ebersole (1980), need

to be solved to give the current and wave field.
A rectangular grid mesh was established over the area of interest as shown in Figure

4.4.1. The method of Gauss elimination and back substitution can be applied if there

are only three unknowns in each equation. To solve the simplified advective
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Figure 4.4.1 Grid mesh representation

diffusion equation, the Gauss elimination technique can be extended to two
dimensions using the alternating direction implicit technique. The time step is split
into two halves; from n to (n+1/2), the derivatives in the x-direction are expressed
implicitly, whilst those in the y-direction are expressed explicitly. The equations
along each row of grid squares throughout the computational domain can then be
solved by the Gauss elimination technique. During the second half time step the
derivatives in the y-direction are expressed implicitly and the solution proceeds via

the columns in the same manner as for first half time step.

4.4.2 Solution Procedure

The hydrodynamic models are based on different flow parameters which
continuously changes with time. These different parameters have been taken care of
in different sub-models at the same time step. When the system is not in equilibrium
all the variables belonging to the hydrodynamic, wave and sediment transport sub-
models are continuously changing with time. In an estuary the fluid motion causes

the sediment particles to move along the bed in an unsteady manner. The water level
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and velocity changes throughout the tidal period make the sediment motion a
continuous short term process. The same happens in nearshore flow fields, where the
incoming wave motion changes the sediment movement all times. This type of
morphological change is a very important factor in coupling the governing equations

of flow, nearshore wave field and sediment transport.

For tidal model it is assumed that the flow and sediment transport field is periodic
over several tidal periods, which affects the sediment transport pattern and also the
direction of flow. For one tidal period the total sediment transport flux can be

calculated in each direction from

T, = [(q,. +q,. ) (4.4.1)

-{
T, = [ (g, +4,, i (4.4.2)

where T, and 7, are the total sediment transport fluxes in the x and y direction
respectively. The estuarine flow field can be expressed by the following flow
diagram (Figure 4.4.2).

According to de Vriend (1987) the water discharge and elevation at each point
across the domain are the same as for the previous tidal period and the velocity and
water depth only changes if there is any change in the depth below datum. With all
of the appropriate boundary conditions being included, then the finite difference
equations for momentum and continuity are solved for each half time step. After
establishing the hydrodynamic field within the model domain, including the water
surface elevations, the flow depths and velocity distributions, the solute or sediment

transport parameters are then computed for each half time step.
The boundary condition plays an important part in the solution procedure.

Depending upon the different combination of boundary conditions the unknowns for

the momentum equation change. The solution of the equation change according to
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the boundary conditions for each half time step and the computation proceeds to the

next time step until the solution reaches the prescribed simulation time.

For the wave model, the general structure is described in Figure 4.4.2. The wave
period (7), wave height (H) and the incident wave angle (6) are provided at the start
of the simulation period. The wave height given is the offshore deep water wave
height. The wave number (k) for each initial point is evaluated using the dispersion
relationship from the given wave period and angle. These calculations are mainly
based on the fact that the current is present in the calculation procedure. Based on
the presence or non-presence of the current in the calculation then the procedure

changes.

For the tidal model, at the start of the simulation period, the initial velocities are
usually set to zero across the domain, the sediment concentration is set to a constant
value if the sediment distribution is uniform initially, and the water elevations are set
horizontally, usually near high or low water level. During the simulation period, the
velocities, elevations and sediment concentrations are set to conditions at the end of

a previous run, so that eventually equilibrium is achieved.

4.5 Depth Integrated Finite Difference Equations

The two dimensional hydrodynamic model DIVAST [Depth Integrated Velocity and
Solute Transport] has been chosen in this study for the hydrodynamic modelling of
the shallow water flows. DIVAST has been extensively tested and used for a wide
range of problem. For the wave part the two-dimensional wave model [Parabolic
Mild Slope Numerical Model] has been developed for predicting the nearshore wave
circulation and its resulting effects on nearshore sediment transport. The main

objective is to observe the effect of tide and wave currents on shallow water flows.
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Initialise all variables
(Wave and Current Model)

STOP

Change 0
A

Establish Incidence Wave Angle, 0 YES
0<05mtorf=>215n
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Wave Model

Compute wave height (h), wave
angle(g),C, C,, o, radiation
stresses at every nodal point

\'4
Current Model

Input the radiation stresses as
the driving force

Compute
current velocities, current
direction, water levels, bed
level.

l

Time < Simulation Time

|

Print Results and

STOP Simulations

Figure 4.4.2 : Flow diagram for wave-current model
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4.5.1 Hydrodynamic Equations

The two dimensional depth integrated mass and momentum equation for an

incompressible flow can be stated as (from chapter 3)

9,

0 0
il I = 4.5.1
" (UH)+—WH)=0 (- )

OUH OpU*H OpUVH on  p [ —
+ + = fVH-gH—+—"=C, W W +W
6t ax @J fV g ax p W' x y

(4.5.2)
gUNU? +V? o’U o'U ov) oS, O0S,
- +eH| 2+ + - -
C x> oy’ oxdy) ox Oy
OVH OBUVH oOpV’H on _p 2 2
+ + = fUH-gH—L+2eCc W (W} +W
at ax ay fU g ax p W'y x y (453)

_gVIU 4P wept| 22V OV 2'UY 95, OS,
C’ x? oyt axdy) oy ox

The discrete values of variables (7, U, V, h) are represented by a space staggered
grid system (Figure 4.2.2) in which the water elevation (7) is described at the centre
of the grid square, while the velocity components (U, V) and the depths below datum
(h) in both x and y directions are described at centre of the sides of the grid squares.
Each time step is divided into two half time steps, i.e. from time (») to time (n+1/2),
values of water elevation (7) and velocity in x direction (U) are solved implicitly.
Here the velocity component in the y-direction is expressed explicitly. The second
half time step is from time (n+1/2) to (n+1). Here water elevation (7) and velocity

(V) solved implicitly while U is expressed explicitly.

For simplicity the equations can be written in terms of the discharge per unit width
or depth and the integrated velocity components defined as

p =HU (4.5.4)
q = HV (4.5.5)
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The continuity equation (4.5.1) can be expressed for the first time step in the x-

direction as:

2 nel 1 ek st 1
= 2 g + — 2 2 + — n —a” = 0 (4 56
At (77,,, s } Ax [p Iy P i—%,jJ Ay [qi,ﬁ% qi,j—%] /

and for the second half time step in the y-direction the continuity equation (4.5.1)

gives:

2 1 n+% 1 nsl net 1 1 1

il I N L 2 _p 2 |y |gm™ g™ =0 4.5.7
At( S ] Ax(p"*l” p"*%*f' Ay q"d‘*% q”f‘% 7

where i, j = grid point location in the x and y direction respectively. Subscript #,
(n+1/2) and (n+1) represents variables evaluated at time ¢ = nAt, t = (n+1/2)At and ¢
= (n+1)At time levels respectively. Af represents the time step for computations and
n is the timestep number. Equation (4.5.6) and (4.5.7) are first order accurate. But
when these two equations are add together then the representation can be summed in

both time and space over the whole time step, thereby giving second order accuracy.

In the first half time step the momentum equation is also solved for in the x-
direction. The advective acceleration and the Reynolds stress terms are expressed
explicitly to avoid having more than three unknown values in the equation, which
involves a more complicated and computationally expensive solution procedure.
According to Weare (1976) the non-linear terms in the momentum equation can give
rise to instabilities, even though an implicit scheme has been used. The instability
can be overcome by time centering differences using three time levels, or a velocity
smoothing algorithm (Ponce and Yabusaki, 1981). An alternative approach has been
for the non-linear advective accelerations and the eddy viscosity terms to be time
centred iteration (Roache, 1998), except for the cross product advective acceleration
terms which are represented using a first order upwind method, thereby including
sufficient artificial diffusion to eliminate grid scale oscillation in regions of high

velocity gradients (Owens, 1986).

115



Chapter 4 Numerical Modelling

The x-direction momentum equation (4.5.2) can be written in the following manner

for the first half time step:

! n—
pi+12,j - pi+§,j (013 xﬁ,j _(0f’ r—l,j ( e (Vp 3=
+ ﬂ 2 2 + 2
At 2Ax Ay

H" .
-n i+—,j n+— n—— L. 5
=M. 1. 2 77¢+12,+77,+|,_77,J 77:1 } P cCw cosy

T Z N L A A
rj——2— ij+= l+|,_/+; i+l /+5
4.5.8)
1 1
-—I(S.) S.) -—1\S -\S
5., 6.0 6,60,
where U denotes the value corrected by iteration by setting:
"3
Un - n—l "+l 459
2
¥ denotes a value obtained by averaging the corresponding values at surrounding
grid points:
20NN I L 4 (4.5.10)
1+E,j+5 i,j+5 i+1,j+5

and p denotes a value obtained from the upwind algorithm where
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n

L

pr, =1 27 (4.5.11)
I+—,) 1 .
I+E,j+

Similarly, the y-direction momentum equation (4.5.3) can be written for the second

half time step as:

n+% n A +% An )n+% (——:)H—% (_:}w%
q' i+l _qi '+l (Vq): '+§ _(Vq i -1 Uq i+l '+l a Uq i-—l '+l
2 »J 5J 3 5] 2 + 2'J 2 2,/

ij+ 2 2
+
At p 2Ay Ay
ek
,  gH 12j 1 P
ny s n+l "3 n+l n a 2 :
= - mo+n 2 -nt —-n' |+—2C,W"sin
ﬂpi,j#% 2Ay [ql,ﬁ-l 771,]+1 77!,/ nl,JJ p y/

2 2
n+l n "+% —'H%
g q '+l +qi '+—1— qi '+l + pi '+—l-
L) 3 »J 5 »J 2 »J 3

1 12
n+—  n+—
2lH 3C 2%
iJ+5 Lj+=

2

',j+5 ~ n+l A~ n+l "~ n+-l— ~ IH-l An+—
+ iV A +V 2 |+V 2, +V 2, -6V 2+
l,j+5 ',1—2 l+|,j+5 i—1J+—2' L+

! (4.4.12)
1 1
e AR e [ RN

with the ¥, U and g being similar to those expressions listed in equations (4.5.9) to

(4.5.11) at the time level (n+1/2) instead of n.

4.5.2 Wave-Current Equations

The higher order approximation of Booij’s (1981) parabolic method for the wave
equation has been derived from the Helmholz equation using operator splitting

technique. The parabolic model equation takes the form as given below (equation
3.4.66):
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2KA, +[zK(K-KO)AH-(K).,]A{-;—;(-’&]% 3 (x), }Aw ~0

The above equation can be re-written as

fid,, + [LA+ f,4,=0 (4.5.13)
where

w33 e

f, =2K(K - K,)+i(K), [ (4.5.14)
f, =2iK

Equation (4.5.13) can now be written in finite difference form as

A4 (4.5.15)
A 5
n+l n
AT A
4=~ (4.5.16)
U
n+l n+l n+l n n n
AW:(AM—2AJ. + A ) (ar, —247 + 47, 45.17)

Av?

By substituting the values of 4,,, 4, and 4 in equation (4.5.13), we get

P (ar — 247 4+ 4™ )—2(,4;;1 24" + A7, )} . fz[A;HI A J*f{A’M . J _
Av 2 Au
............ (4.5.18)
= RAj +(F, + F,=2F) A" + RA)Y =-F A, +(F, + F, +2F)A] - F, 4},
= R4S+ AT + RA]Y = (-F) 4], + A} +(-F) 4],
S FRAN +PAY + AN =0 (4.5.19)
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where

— »fl . F _f2. —
2AvE’ ) Au
P =F, +F, -2F,

P,=F, + F, +2F,

F

Qj = (=F) A}, + P47 + (-F)4],

Equation (4.5.19) is an implicit finite difference scheme, which can be solved by

knowing all of the coefficients at each time step.

For the wave model, by using a forward difference scheme in the x-direction and
backward difference in the y-direction to approximate equation (3.4.82), Noda et al.,

1974 (see Lima, 1981), he found the following equation for incidence wave angle 0.

0, = 1L% o560, - L%ing, + 81 (sing, — % sing,, -
B, koy k ox Ay 4,
0.1, sind, ; )
Y, cos6, )} - ™ {cosg, , + y (W, sing, , -7, cos6, )}] (4.5.20)

1,]

where
1
VV:,;‘ =E(Ui,j +Ui+l,j)
(4.5.21)
1
Yi,j =5(Vu +Vi,j+1)

sinf,, cosf,; 1 .
B, = n L — Ax’ ~ (VI’,,j51n0,,j—Y;jc050,j
y B : :

1,)

cosd,
Ay

0 w52
+ . L.
Ax

and are defined by equation (3.4.79) to (3.4.81).

To approximate the derivatives within equation (3.4.80) and (3.4.81), the central

difference method was used. Values of sin6;; and cos6;; are determined by using a
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first order Taylor series expression for the four neighbouring grid blocks, summing

the results and taking the average value to give:

sin6, , = %(sin 0,,,+sind,, , +sin6, ,, +sinb, )
1 0i+1,' "0.'—1,'
+§[_ITE—1 (cosb,., , —cosb,,, ) (4.5.23)

6. ..-06 .
+ %(#TIA—"H)(COS 0,,,—cosb, ., )
34

and likewise:
0s6, = 1 cos@,,  +cosb,, ; +cosb, ,, +cosb, ;|
¢ 4
1 0]+ P 9('— j . .
+§(%](smeﬂ,, —sing,_, ;) (4.5.24)

6, . -6,
+%(—"’+'A—"’—lj(sin 6, —sinb, )
" , ,

The wave height equation for the steady state form of equation (3.4.85) is translated
into finite difference formulation in the same way as the wave angle equation which
is written in a forward difference form in the x-direction and a backward difference

form in the y-direction to give:

(Y,.J+Cgijsin0,,j) (Vlfi)j+Cg‘,cos¢91,J.)
A;V Hi,j—l - AJ; Hi+l,j
o (Y,J +Cg” sinH,.J) (W,j +Cg”_ cosﬁi,j) R (4.5.25)

i,/

Ay Ax 2

with central velocities W;; and Y;; being defined in equation (4.5.19) and with R;;

being:
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0. . -0 . o  —o
Rij= Cg ,sinHl.j b TitL) "Cg cosB,.j O =00
| oL 2 Tt YY"
- (U”U —Uy, J+(i1,j+1 _Vi,j) sy oC, _sing,, oC,
Ax Ay TP &

Ei,j ij Ax XYi.j 2Ax X 2Ay y Ay

.................. (4.5.26)

oC
and 6yg are calculated from equations (3.4.86) and (3.4.87)

g

where

respectively. By using the governing equations in their finite difference forms and by
introducing proper boundary conditions with proper implementation for the stability

criteria, a systematic solution method is obtained.

4.5.3 Sediment Transport Equations

The sediment transport computations associated with the tidal model are key to the
calculations and predictions of the long term changes in the estuarine area. Also the
wave related sediment transport (equation 3.6.32 to 3.6.35) affected the changes in
nearshore zone. As already discussed in Chapter 3, the estuarine sediment transport
module has two main parts namely: suspended load transport and bed load transport.
The nearshore sediment transport has also gets this two parts suspended and bed load
transport but which can be derived with the presence of wave. The finite difference
method has been used to solve the transport of suspended load which is mainly
governed by the solution of the advective-diffusion equation in depth integrated

form.

The depth integrated two-dimensional sediment transport equation again uses the
finite difference scheme to determine the suspended sediment concentration across
the model domain. As before a space staggered grid is used (see Figure 4.3.1) in
which the suspended sediment concentration is introduced at the centre of each grid

square. The advective-diffusion equation (3.6.7) has been solved for each half time
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step and the choice of this time step should include the stability criteria as well.
Equation (3.6.8) consists of a combination of the different terms mainly: advection,
diffusion, dispersion and a source or sink term. The finite difference formulation of

this equation can be written in the following form for any arbitrary grid (i,j) as:

l
S, e =8, + (advectionterms) + (dispersionterms) + (sourceterms) (4.5.27)

The two-dimensional suspended sediment transport [equation (3.6.7)] formulation

can be written for the first half time step as:
At +1 1 N 1 WL
(SH), 2+4—Ax—[p ! (S,+13+S J L S 2+S_U
2

o ns [ n
2Ax2 (HD ) 12 (SH-IZJ +S ] (HDx.x)i_fj( 2 +S:—IJJ:|

2 2
1/+1 +S )_ q:l (Sn +S1nj—1 )}

' 2

( S1,)-(0, ), 7,57,

=(SH)!, -—

[(

oY,

At ]
+ HD ) ) S" Sn —_ HD . ' S” Sn
2AxAy _( W):r%’/( g %’ '_l) ( v)'””%’f ( i1 j+% 1-%1‘"%]
At T
+ HD | S” S" — HD " Sn Sn
e LRI A LR A G|
SAL[ med .
+ﬂ P 12.VixS.nl D 12,VixS"1 _
2Ax i 1+5.j I+E,_[ ’_5’1 ,_5,_,
[ (4.5.28)
ﬂsAt n 3 en R ) At
WL vis g is [+ 2 g,
2Ay _qi,1'+% » i,j+% qi, i 2 2 ¢ (xs ys)

and in a similar manner for the second half time step, except that the derivatives in
the x and y-directions are written explicitly and then implicitly respectively.

where

S,’jr” 2S +S"_1] if(U"l_ZOJ
anxS,”l =

’ (4.5.29)
2 Sn,, =280+ if(U" ‘so)
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ij+1 i,j-1

8P . =28 +8" if(V" 1 zoj

VoS’ 1= (4.5.30)
¥y Shy, =280, +S]; if(U:ljSOJ
n l n n n n
SHL . = Z(SHLM +S87, 8 +Si,j) (4.5.31)
272

The term &x; ,ys) is a point unit pulse function used to introduce pollutants at an

outfall cell. The function takes the value

1 if(x=x,)and (y=y,)

4.5.32
0 otherwise ( /

5(x,y)={

where are the co-ordinates location where a source or sink term may be allocated.
Value for f# of 1/6, 1/8 and 0 corresponds to the ADI-TOASOD, ADI-QUICK and
second order central difference schemes respectively, where TOASOD stands for
Third Order Advection and Second Order Diffusion and QUICK stands for

Quadratic Upwind Interpolation for Convective Kinematics (Falconer et al., 1999).
4.6 Model Stability Criteria

The stability should be defined in terms of the sequence of solutions of the
difference equations. It has been found that as Az, Ax, Ay — 0 the truncation error
goes to zero. However, when the computation is stable the sequence of approximate
solutions tends to the true solution as At, Ax, Ay - 0. When the computation is
unstable these solutions differ more and more as At, Ax, Ay — 0, even though the

truncation error tends to zero.

In order to establish an accurate and efficient model, the numerical scheme should be
stable. The fluctuation or instability cannot be in the solution when the model will be

verified against any controlled system. For the tidal model (DIVAST), the scheme is
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basically second order accurate both in time and space with no stability constraints
due to the time centred implicit character of the ADI technique. However, for the
case of computational time step provided in the input file, it should be restricted in
such a way that a reasonable computational accuracy can be achieved (Chen (1992),
see Falconer et al. (1999)). A maximum Courant number (Cr) has been suggested by

Stelling (1982) as:

] 1
C,=2At |gH| — +——| <42 4.6.1
/ \/g (sz Ayzj (+6.0

For the case of two dimensional depth average sediment transport equations which is
also solved in each half time step, then the choice of the time step should also
consider the stability requirements for the solute transport equation. The stability
constraint for the case of pure advection is expressed in equation (4.6.2) with less
restrictive stability for the case of advection and diffusion. The DIVAST model used
in this study has been third order accurate in space giving:

g_{_'_ﬁsz (4.6.2)
Ax Ay

For the wave model, the stability criteria can be expressed in the following manner,
in that the speed of propagation of any disturbance in the model must be less than or
equal to the speed it takes for the disturbance to cross a computational grid block in
a time step. Hence the disturbance speed can be explained as the shallow water
gravity wave celerity (C) plus some time independent mean current. The stability

criteria can therefore be expressed as:

JAX? +Ay?
Y2+ eh (4.6.3)

At the time when the maximum shallow water wave celerity exceeds the right hand
side of equation (4.6.3), the criteria used for the two dimensional depth average

condition is;
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VA + Ay

4.6.4
o . (4.6.4)

The left hand side of the above equation can be described as the ‘solution velocity’.
4.7 Model Boundary Conditions

Conditions within a computational domain can be solved numerically when initial
and boundary condition data are provided accurately to find the unique solution of
that particular set of partial differential equations. For a two dimensional depth
integrated flow problem the lateral boundary conditions are provided, either as a
solid wall or open boundary (inflow or outflow) conditions, which can be obtained

from the flow characteristics.

The governing equations of the hydrodynamic, sediment transport and wave model
have been discretised in section 4.5 of this chapter and are specified for grid cells
within the computational domain. For grid cells near the boundaries, depending upon
the type of boundary condition, the equations need to be modified. Generally the
boundary conditions can be divided into four categories including: open boundaries,
closed boundaries, surface boundaries and bed or bottom boundaries. Boundary
conditions for the z-direction at the free surface and at the bed have already been
introduced in chapter 3 in order to integrate the mass and momentum equations for

the tidal hydrodynamic and wave motion.
4.7.1 Initial Conditions

The velocities, water elevations and sediment concentrations must be specified
throughout the computational domain at the beginning of the simulation period in
order to initialise the equations. It has to be noted that the higher the accuracy of the
initial values provided, then the more rapid the model converges to the correct
solution. At the start of the simulation period in a tidal flow model, it is convenient

to start the model at high or low tide, with the water elevations being set at the
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corresponding level throughout the domain. The velocity components are generally
set to zero at the beginning of simulation period. Initial sediment concentrations can
be estimated from appropriate field measurements or set to zero. For wave motion
the deep water wave height, initial incidence wave angle and wave period are set to
initialise the domain. From the deep water wave height etc, then the initial wave

height is calculated.
4.7.2 Closed Boundary Conditions

Closed boundary conditions can be regarded as ‘wall’ boundaries, with no flow or
sediment fluxes being permitted to cross these boundaries. This type of boundary
occurs along a coastline or adjacent to structures. Values outside the modelling
domain are obtained by assuming a ‘no slip’ condition (i.e. zero flow velocity at the
wall) parallel to the boundary and zero flow perpendicular to the boundary. This

representation is illustrated for the case in Fig. 4.7.1 using the equation:
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Closed boundary

Figure 4.7.1: Wall Boundary
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Vi=V,=V;3=Vs=0 (4.7.10)
Ubi='Ubi (i=0,1,2,3.....) ' (4.7.]b)

All of the velocities parallel to the wall are set to zero, whereas the velocities outside
of the boundary are assigned the same value as the corresponding velocity inside the
domain, but with a negative sign. This is done to satisfy the condition across the

boundary.

The closed boundary condition for the sediment concentration (equation 4.7.2)
assumes that the concentration gradient does not change parallel to the boundary and
that there is therefore no sediment flux across the solid boundary, with the subscript

‘w’ indicating wall boundary value in the following boundary equation, giving:

2
-g% =0 and gy—f =0 (4.7.2)

4.7.3 Open Boundary Condition

Flow and solutes are allowed to cross an open boundary, which is the opposite for a
closed boundary. Appropriate hydrodynamic and solute boundary conditions need to
be specified in order to acquire accurate predictions and open boundary values may
include: water elevations, velocities and solute concentration level. A free slip
boundary condition is used by assuming zero gradient of a variable perpendicular to
the open boundary. If the open boundary is a flow boundary, then the velocities at
the boundary can be defined as given in Figure 4.7.2 and the following boundary
conditions can be obtained for the hydrodynamics parameters, which means that the

V velocity at the boundary is given by:

(4.7.3)

V.=V, (i=1234)
U, =U, (i=0,1,...,4)
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With the corresponding U velocity values outside of the domain being set equal to

the boundary value.
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Figure 4.7.2: Flow boundary

Another type of open boundary condition is a water elevation type also shown in
Figure 4.7.2, where the following boundary condition can be obtained for the

hydrodynamic conditions:

Uu,=U, (i=0,1,..,4)
V.=V, (G=1,..... 4) (4.7.4)
n, =N, (i=1,...... 4)

If the value of the water elevation or velocity along an open boundary is unknown,
then the best approximation for tl_s ca is to prescribe the boundary condition in
such a manner that there are no changes to the value of the flow parameters normal
to the boundary. Hence, the variation o_ these parameters normal to the boundary can

be assumed to be zero, giving:
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Ou

Ox

open B Ox
boundary

For the sediment transport model, the open boundary conditions can be divided into
two parts including inflow and outflow boundaries. The sediment concentration at

the open boundary is described by the known boundary values Sg;.
Si = SBi (4. 7.6)

If the flow at the boundary is leaving the domain, then specification of the sediment
concentration outside the boundary is not needed. For an outflow sediment boundary
as for the hydrodynamic sub-model, it can be assumed that the variation in the

sediment concentration normal to the boundary can be set to zero, giving:

oS
— =0 4.7.7
x| open 4.7.7)

boundary

Similarly the boundary conditions along the y-direction can also be obtained in the

same way as those described along the x direction.

4.8 Summary

The solution procedure for two-dimensional depth integrated nearshore flow has
been discretised in this chapter. The alternating direction implicit scheme technique
which is based on finite difference method were explained. The governing equations
were discretised using an appropriate numerical scheme for the hydrodynamic
equations. The wave-current equations were discretised in fully implicit scheme.
And the sediment transport equations by advective-diffusion equations. The solution
procedures for this model set-up were discussed. The model stability criteria and

also the different boundary conditions effected the flow have been described.
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CHAPTER S

TIDAL MODEL APPLICATION

5.1 Introduction

Coastal processes form part of a continuous dynamic system, which responds to
many natural forces and events. The mechanism and interaction of these natural
forces such as tides, winds, currents and waves are of key interest in understanding
the environmental and hydrodynamic processes in the shallow water regions, as well
as the coastline geometry and the basin bathymetry. Without a sound knowledge and
understanding of these complicated processes it is virtually impossible to respond to

any coastal related problem.

Investigations of integrated tidal, wave and sediment transport mechanisms have
been undertaken by many researchers (e.g. Sauvget, et al., 2000; Jakobsen, et al.,
2002; Cugier and Hir, 2002) with many different results and conclusions being
obtained, based on the theory included in the studies. Sediment transport processes
in shallow water regions (e.g. Vos, et al., 2000; Orten and Kineke, 2001; Bai, et al.,
2003) form much complex dynamic process that one universal solution is not
generally possible. So the predictions are mainly dependent upon accurate
investigations carried out for natural phenomena to reproduce the best suitable

solution or results.
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Numerical models are the tools generally used to study, analyse or compare the
physical processes on a long-term basis. To study the combined effects of tidal, wave
and sediment transport mechanisms, numerical models have been used to simulate
the principal physical processes and to examine their interaction with other features

in the estuarine system.

The objectives of this part of the research study were to carry out the above
investigations to acquire a better understanding of estuarine sediment transport
systems and also to predict the coastline sediment fluxes. The two dimensional
numerical model DIVAST was refined and used in this research study to get a better
understanding of estuarine transport. The hydrodynamic part of this computational
model can simulate tidally induced flows, which in turn drives the sediment

transport and wave modules.

The application of this programme has been performed for a natural estuary known
as the 'Bristol Channel'. The numerical model has been set up for this site for model
calibration and verification. The Bristol Channel has been chosen for this study due
its complexity in nature and especially for its high tidal range. The establishment of
satisfactory comparisons between the field data and the model results will enable us

to use DIVAST for any future application to this site more confidently.

5.2 The Bristol Channel

5.2.1 Location

The Bristol Channel is located along the south-western coastline of the Great Britain
(Figure 5.2.1). The channel is open to the west, where it is exposed to the North
Atlantic Ocean, and narrows towards the east. The easternmost part of the channel is
known separately as the Severn Estuary (Harris and Collins, 1985). The tidal ranges
reach an upchannel maximum of 13m (Admiralty, 1993).
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Chapter 5 Tidal Model Application

10m deep. The area of the Bristol Channel is divisible geologically into three parts
(Evans, 1982). The inner Bristol Channel forms the western part, with the bed
consisting of gently folded strata. The central consists of complex folding with
carboniferous limestone (Flat Holm, Figure 5.2.3) and the eastern part consists of

gently folded Trias Strata.

The water depth reaches typically 60m in the outer Bristol Channel and becomes
shallower in an easterly direction over a distance of 120 km and to depths of less
than 30m in the Inner Bristol Channel. From this area a large estuary system runs
upstream in a north-east direction, known as Severn Estuary, over a distance of
around 65 km (Figure 5.2.3). There are four major bays situated in the study area,
including; Carmarthen Bay and Swansea Bay along the South Wales Coast and
Barnstaple Bay and Bridgwater Bay along the English Coast. These bays originated
as drowned portions of the tributary system.

Normally sandbanks are found in the shallow waters (i,e, for depths < 20m), with
several bank crests being exposed at extreme low water. The banks include Turbot,
Helwick (Outer Bristol Channel), Nash and Scarweather Sands (Central Bristol
Channel), Culver Sand and One Fathom Bank (i.e. Inner Bristol Channel) and the
west middle ground, namely Chaston Sands, in the Severn Estuary. These sandbanks
are tidally generated and rise from a predominantly flat adjacent sea bed, they
remain submerged at all states of the tide except spring low waters, when the crests

of Scareweather and Nash are exposed.

5.2.4 Hydrodynamic and Environmental Regime

The relevant hydrodynamic processes considered in this study are tidal, fluvial and
wave driven mechanisms. The direct effect of winds has not been considered,
although the wind has a great influence on wave and tidal currents. From the west to
east across the study area the hydrodynamic regime changes in character from a
coastal to an estuarine environment. Coastal erosion and accretion and sediment

transport are all governed by the hydrodynamic processes.
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The direction and strength of tidal currents sometimes explains how sedimentary
material are supplied and transported from one area to another, but this is not the
only factor responsible for the direction and rate of sediment movement (Owen,
1980; Uncles, 1982; Uncles, 1984). Wave induced currents along with fluvial flows
(Collins et al., 1980) also contribute to the movement of sediments. The main
hydrodynamic factors which govern the behaviour of the study are therefore mainly
the periodic tidal conditions, waves, wind and freshwater flows, all of which are

discussed below.

Tides: Tidal currents are one of the most influential transport mechanisms in the
Bristol Channel hydrodynamic regime. The tidal current peak increases up the
channel with speeds from about 0.7 m/s at Lundy Island to 2.4 m/s within the Severn
Estuary, for a mean spring tidal range (Admiralty 1993). The direction of the tidal
stream shows that the current regime is one of strong rectilinear flows. The flow
direction is reversed between the flood and ebb stages of the tide and runs parallel to

the coastline (Figure 5.2.5).

Freshwater Flow: The significance of freshwater discharges is in relation to the

hydraulic capacity. Freshwater flow has an effect on the salinity and temperature
distribution and also on the intrusion of the sediment load. The freshwater
discharges into the Bristol Channel are relatively small when compared to the tidal
flows and hence the fluvial flows give rise only to very localised effects, which are
close to the various river confluences (Heathershaw et al., 1981) and where salinity
gradients can influence sediment movement (Uncles, 1984). Figure 5.2.4 shows the
average river discharge in a part of the Bristol Channel. The average fresh water
flow into the estuary is about 300 m*/s (Severn Estuary Report, 1997) and the

average water volumes in the estuary are as follows (RCL Report, 1986):
Chart Datum 5,869,500,000 m’

Mean Neap Tidal Level 10,707,800,000 m*
Mean Spring Tidal Level ~ 10,835,000,000 m*
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Wind: Wind is one of the principle forces governing the hydrodynamic features of
the Bristol Channel. Sustained wind conditions induce surface flows, waves and
swell. The onset of atmospheric depression can cause tidal surges. Wind and surges
are two important processes in the development of a hydrodynamic regime, but in

this study these effects were not directly considered.

Waves: Waves are an important process in the development of the shoreline, also
influencing the mobility and transportation of the sediment load through the system.
Waves propagating from the North Atlantic through the Celtic Sea are responsible
for the majority of severe wave events in the Bristol Channel (Coastline Response
Study, 1993). Waves entering from the Celtic Sea normally enter the Bristol
Channel and penetrate further upstream along the estuary. One of the important
features of wave distribution patterns relates to the sheltering effects of the inner
estuary near Hartland Point. There is variability within the wave climate for various
areas in the channel. Waves coming from the Celtic Sea and moving eastward along
the main axis of the channel penetrate into the system as far as the Severn Estuary
(ABP Report, 2000). It is this force of the offshore waves which drives the sediment

material back into the system.

Within the Bristol Channel fetch distances are large enough to allow high waves to
develop. But within the Severn Estuary the fetch length is limited by the geometry of
the estuary and is dependent on state of the tide. At high water the maximum fetch
distance is about 60 km. These limited fetches lead to locally generated waves of
shorter period and a maximum wave height of approximately 2m. The dissipation of
wave energy as the waves propagate in shallow water or over underwater features
(i.e. linear sandbanks) can result in large quantities of sediment being mobilised
through the effects of turbulent entrainment. According to Collins, et al. (1980) the
average wave period in the Bristol Channel is about 7.5s with Hgjz = 0.5m. Storm
and oceanic wave periods are about 8.5s and 12.5s respectively, with corresponding

significant wave heights of Hg;g = 2.7m and Hgig =2.3m.
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