






ii 
 

TABLE OF CONTENTS 
 

ABSTRACT  ............................................................................................................... i 

TABLE OF CONTENTS ............................................................................................ ii 

LIST OF FIGURES .................................................................................................... vi 

LIST OF TABLES ....................................................................................................... x 

LIST OF APPENDIXES ........................................................................................... xii 

CHAPTER 1 INTRODUCTION ............................................................................... 1 

1.1 General ............................................................................................................ 1 

1.2 Estuaries, opportunities and challenges .......................................................... 2 

1.3 Estuary and its interaction with groundwater .................................................. 6 

1.4 Mixing and dispersion in estuaries .................................................................. 9 

1.4.1 Mixing ...................................................................................................... 9 

1.4.2 Dispersion .............................................................................................. 10 

1.5 Computer and physical modelling ................................................................. 12 

1.6 Importance of bathymetric data and boundary condition .............................. 14 

1.7 Aims of the thesis .......................................................................................... 15 

1.8 Structure of the thesis .................................................................................... 17 

CHAPTER 2 LITERATURE STUDY ..................................................................... 18 

2.1 General .......................................................................................................... 18 

2.2 Mixing ........................................................................................................... 19 

2.3 Dispersion ...................................................................................................... 20 

2.3.1 Early research ......................................................................................... 20 

2.3.2 Dispersion in natural streams and rivers ................................................ 21 









vi 
 

LIST OF FIGURES 
 

Fig. 1.1  Map of Severn Estuary .................................................................................... 8 

Fig. 3.1 Coordinate system and notation for depth integrated equations ..................... 35 

Fig. 3.2  Computational space staggered system ......................................................... 42 

Fig. 3.3  Tracer response curve family for the open boundary condition .................... 48 

Fig. 4.1 Scope of Seven estuary physical model ......................................................... 51 

Fig. 4.2 An aerial view of the Severn estuary physical model..................................... 51 

Fig. 4.3 A lay out of the Severn estuary physical model ............................................. 52 

Fig. 4.4 A bathymetry map of the Severn estuary physical model .............................. 52 

Fig. 4.5  The tide-generating weir ................................................................................ 53 

Fig. 4.6  (a) Water level probe (b) Position of WL probe ............................................ 56 

Fig. 4.7  Schematic representation of ADV ................................................................. 57 

Fig. 4.8  Three types of ADV: (a) downlooking ADV (b) sidelooking ADV (c) 

uplooking ADV ............................................................................................................ 57 

Fig. 4.9  Cyclops flurometer ........................................................................................ 60 

Fig. 4.10  Locations of sampling points in Expt. E-1 and Expt. E-2 ........................... 63 

Fig. 4.11  Location of boreholes in the groundwater model ........................................ 67 

Fig. 4.12  Open-open boundary conditions .................................................................. 68 

Fig. 4.13  Close-open boundary conditions ................................................................. 69 

Fig. 5.1  Sampling point cross sections ........................................................................ 71 

Fig. 5.2  Water level measurement results in the Expt. E-1 ......................................... 73 

Fig. 5.3 Velocity measurement results at Point P4 ...................................................... 76 

Fig. 5.4 Velocity measurement results at Point P5 ...................................................... 77 

Fig. 5.5 Velocity measurement results at Point P6 ...................................................... 77 

Fig. 5.6 Vertical speed profiles at Point P4 in the Expt. E-1 ....................................... 80 

Fig. 5.7 Vertical speed profiles at Point P5 in the Expt. E-1 ....................................... 81 

Fig. 5.8 Vertical speed profiles at Point P6 in the Expt. E-1 ....................................... 81 

Fig. 5.9 Typical vertical velocity profile in laminar flow ............................................ 82 













xii 
 

LIST OF APPENDIXES 
 

APPENDIX-1 Data of Bathymetry Measurements    .............................................. 207 

APPENDIX-2 Bathymetry Measurement Results ................................................... 211 

APPENDIX-3 Selection of n-Manning Coefficient ................................................. 216 

APPENDIX-4 Selection of Eddy Viscosity Coefficient .......................................... 219 

APPENDIX-5 Error Analysis Of Model Before And After Bathymetry  

Refinement ....................................................................................... 220 

 

 



1 
 

CHAPTER 1  

INTRODUCTION 
 

1.1 General 

Water is one of the most essential substances needed  by human beings to support 

their life, such as drinking, washing, sanitatizing, etc.  Water is available in various 

places on the earth, such as in seas and oceans (96.5%), groundwater (1.7%), glaciers 

and the ice caps of Antarctica and Greendlance (1.7%), and in the air as vapor, clouds 

and precipitation (0.001%) (Gleick, 1993).  Among these bodies, estuaries have a 

strategic position and many functions, and therefore they are among the most 

populated places in the world.  Due to rapid population growth, estuaries have been 

suffered from pollution, mainly by domestic and industrial activities.  

To deal with the water pollution problems it is important to establish the 

understanding of pollutant transport, especially in regards with the pollutant mixing 

and dispersion in water.  In addition, instead of studying dispersion in one water body, 

it will be more beneficial if such work is carried out by considering the interaction 

between connecting water bodies, such as surface water and groundwater, so that the 

work can include the processes affected by such interactions.  In the present study, 

dispersion processes areexplored in an estuary as the main subject and in groundwater 

as the supporting subject.  The aim of this study is to establish the dispersion 

coefficients in the two water bodies, and in particular to investigate the effect of using 

constant and variable dispersion coefficientson dispersion modelling in estuaries.  An 

estuary physical model is available in the Hydraulics  Laboratory, at Cardiff 

University, which represents the Severn Estuary and is used to carry out 

hydrodynamicstudies.  The experimental results consisting of water level and velocity 

data are then used to calibratecomputer models, such as DIVAST (Depth Integrated 

Velocity and Solute Transport), which has beenset up for the Severn Estuary physical 
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- Environmentally: Water draining from uplands carries sediments, nutrients, and 

other pollutants to estuaries.  As the water flows through wetlands, such as 

swamps and salt marshes, much of the sediments and pollutants are filtered out.  

This means that outflowing river and groundwater pass trough estuaries on way to 

ocean.  Plants, animal, and sediments take up nutrients and toxicants.  For 

example, trace metals which is associated with fluvial suspended solids 

accumulate mainly in areas with low hydrodynamic energy.  These marshes are 

characterized by vegetation, sediments rich inlitter and low flow velocities during 

flooding which promotessedimentation of the fine grained fraction of suspended 

solids (Teuchies et. al, 2013) 

- Socially:  Estuaries provide places for recreational activities, scientific studies, 

and aesthetic enjoyment.  This may increase the interaction among the society and 

therefore enhance the social quality of the community living around.  

- Economically: Estuaries have important commercial value and these resources 

provide economic benefits for tourism, fisheries, and recreational activities. This 

will of course help imporove the economy of the society around the estuary.  

Estuaries have also economic potentials as the sources of energy, by building 

barrages etc. to generate power. 

The important roles of estuaries, as mentioned above, have encouraged many studies 

on estuarine problems, including: ecosystemservices, estuarine management 

(including habitat  protection and recreation, monitor of estuary change, development 

control, policy review, etc), estuarine pollution, economic aspects of estuaries, and 

energy potential of estuaries.Such studies aim at helping maintain and improvethe 

quality of an estuary, so that they can serve the need of humanbeings and other living 

organisms. 

Due to their strategic position for various economic and social activities, estuaries 

have grown to encompass large cities, including mega cities (cities with more than 10 

million people).Beside their economic benefits, however, the growth of mega-cities in 

estuarine areas has also posed major environmental problems.  Pollution caused by 

various activities has made many estuaries unclean and unsafe.   
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pre-treatment processes, heavy metals from corrosion or intermittently used cleaning 

agents etc.  The effluent from desalination plants is a multi-component waste, with 

multiple effects on water, sediment and marine organisms.  Improvements in the 

knowledge on how desalination technology has increased the pollution should be 

encouraged, especially on how heat and brine aretransported and how to deal with 

these pollutants.  

The health and environmental impact of the pollution problems in estuaries have 

raised concerns on how estuaries are treated.  Efforts such as wastewater treatment 

plant developments, contamination reduction, prevention of contaminant spills, and 

cleaning up of contaminants have been undertaken in many places around estuarine 

areas.  Another effort to maintain the quality of life around estuaries has been to 

develop the waterfront, that is, an area or city specifically designed along estuarine 

banks with the water environment as the developmental focal point. Waterfronts 

generally include any property that is adjacent to a water body, be it an ocean, lake, 

river or stream.  Waterfront developments and redevelopments have been a topical 

issue since the 1970s, when Baltimore, Maryland, began its redevelopment project, 

converting old, underused waterfront properties into economically viable space.  

Numerous other large and small scale developments have been undertaken since then, 

in such glamorous cities as Sydney, Australia, and London, and in small towns, such 

as Portland, Michigan and Grand Haven (Ryckbost, 2005) and Cardiff.Wood and 

Handley (1999) stated that water quality improvements are a necessary precursor to 

waterfront revitalizations worldwide.  Water quality parameters which are key in 

revitalizing waterfronts include (Connor, 2006): aesthetic aspects (i.e. turbidity and 

colour), dissolved oxygen, pathogens, regionally significant species(species that are 

considered to be an important component of the natural communities in the region, for 

example salmons, herrings, ducks etc.) and ecosystem services.  Development and 

redevelopment of waterfronts have therefore encouraged the improvement of water 

quality in estuaries.  In this regard studies on the hydrodynamic and water quality 

characteristics in waterfronts are important to evaluate the effect of waterfront 

developments on water quality and to maintain the quality of water in the region.  In 
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particular, the study on the transport of pollutant is important in waterfront 

developments to ensure that waterfront developmentslead to improvementsin the 

quality of the water.  

1.3 Estuary and Its Interaction with Groundwater 

Among the important aspects of estuarine studies is the interaction between the 

estuary and the surrounding groundwater.  For many decades, the influence of 

groundwater on the coastal water environment, and vice versa, has drawn considerable 

attention of researchers and environmental engineers. The coastal groundwater table 

fluctuates with the tide in coastal areas. Firstly, the groundwater table fluctuation can 

directly affect beach stability.  During flood tides, the peak seawater level is higher 

than the beach groundwater and flow intrudes into the unconfined aquifer. During the 

ebb tide, the groundwater hydraulic gradient will expel water from the coastal 

unconfined aquifer. The seepage and inflow fluctuations can significantly influence 

the stability of sediment transport along the beach. When the groundwater table is 

higher than the average sea water level, the beach is eroded easier. Contrarily, if the 

groundwater table is lower than the average sea level, then sediment generally 

deposits on the beach. Secondly, the groundwater fluctuation can directly affect water 

exchange and substance movement between the seawater and groundwater.  

In this study the interaction of groundwater and surface water is explored in relation 

with how dispersion occurs in the system.  This is important for practical purposes.  

For example, if waste is generated from a cattle farm, it may infiltrate into the ground 

and then to the groundwater.  From the groundwater it can enter the estuary and then 

finally to the sea.  Therefore any pollution in the groundwater may affect the quality 

of riveror estuary water connected to it.  It is understandable that the rate of dispersion 

is different between the groundwater and surface water, since there are solid particles 

in the groundwaterwhich make dispersion lower than it is in surface waters.  A study 

which involves dispersion in both groundwater and surface water will therefore help 

understand dispersion processes in the whole system, including groundwater and 



7 
 

surface water.  This will in turn help the management of pollution in more effective 

way.   

Rivers generally interact with groundwater in four basic ways (Winter et al., 1998):  

(1) Rivers can gain water from inflow of groundwater through the streambed (gaining 

from the stream); 

(2) They can lose water to groundwater resources by outflow through the streambed 

(losing from the  stream);  

(3) They can experience both, gaining in some reaches and losing in other reaches, or 

both gain and lose in the same reach at different river flow levels etc.;  

(4) Groundwater extraction can cause the hydraulic gradients to fluctuate during the 

irrigation season by lowering the water table and reversing flow directions, such 

that a flow gaining stream becomes a flow losing stream.   

Each type of groundwater-surface water interaction affects the transport of pollutants 

in both systems.  For example, for a gaining stream, the pollutant coming from the 

groundwater will be transported in the river and finally the estuary, while in the losing 

stream the pollutant coming from the river will be transported to the groundwater. The 

knowledge of the interaction nature is therefore important to study pollutant transport 

and dispersion between these two water bodies. 

Limited studies have been carried out on how pollutants are transported in the surface-

groundwater system, while this is an important topic without which pollutant transport 

can only be studied separately and hence not be explained according to its true nature.  

In this regard a part of this study is allocated to the nature of surface water and 

groundwater interaction and how it affects the pollutant transport and dispersion as a 

whole. 
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Severn Estuary as The Case Study 

The Severn estuary is the estuary of the river Severn, which is the longest river in 

Great Britain.  The estuary also forms the mouth of four major rivers, including the 

Severn, Wye, Usk and Avon and a number of other smaller rivers.  The border of the 

estuary stretches from the estuary up beyond Aust upstream, which corresponds to the 

site of the old Severn Bridge.  The estuary is about 2 miles (3.2 km) wide at Aust, and 

about 9 miles (14 km) wide between Cardiff and Weston-super-Mare (see Fig 1.1).  

 

Fig. 1.1  Map of Severn Estuary 

(Source: Severn Estuary Partnership) 

With a length of 354 km and flowing past major cities, such as Avonmouth (near 

Bristol), Cardiff, and Gloucester, the catchment of the river (which is 11,420 km2) is 

mainly (about 80%) managed for agriculture and forestry.  TheSevern basin 

districtcontains important habitats and wildlife areas, including 28 Special Sites of 

Conservation and five special protection areas.  A special protection area (SPA) is a 

designation under the European Union Directive on the Conservation of Wild 

Birdswith features that depend on the water and its quality. Besides, the Severn River 

Basin District is home to over 5.3 million people and covers an area of                

Cardiff 

Aust 

https://en.wikipedia.org/wiki/European_Union
https://en.wikipedia.org/wiki/Birds_Directive
https://en.wikipedia.org/wiki/Birds_Directive
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21,590 km2.The area surrounding the estuary is also designated as a wetland of 

national and international importance.  Quality wise, in 2009 the river Severn was 

judged to have about 29% of its water body of at least good ecological status/potential, 

and 37% of its water body was at least of good biological status.   

The main causes of not achieving the expected quality are, among others: diffuse 

source inputs from agriculture, point source inputs from industry sewage works etc.; 

physical modification barriers to fish migration; physical modification in the form of  

urbanization; physical modifications due to land drainage; and physical modifications 

due to flood protection barriersetc. 

In order to improve the conditions in the river/estuary, management actions have been 

planned by the government, including involvement from the following communities 

and stakeholders: agricultural and rural land managers; angling, fisheries and 

conservation groups; central government; the environmental agency; industry, 

manufacturing and other businesses; local and regional government; mining and 

quarrying industries; navigation communities (including ports); urban and transport; 

water industry; and individuals and communities. 

This study takes the Severn Estuary as its case study; that is, it used a physical model 

of the estuary as its representation.  A study of the hydrodynamic and dispersion 

processes in this physical model, along with the computer model predictions, was used 

to give a description on how the two processes happen in the estuary and therefore 

expected to give a contribution on how to manage the estuary.  

1.4 Mixing and Dispersion in Estuaries 

1.4.1 Mixing 

The transport of pollutants in an estuary is related to the mixing process.  There are 

many factors affecting mixing in estuaries, including small scale diffusion and larger 

scale variations across the basin in the advective mean velocities (Fischer et. al., 

1979). Turbulent diffusion serves to transfer mass between stream lines, while 
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a variable, as will be described in the next chapter.  However, for practical reasons 

several commercial models have generally treated the dispersion coefficient as a 

constant.The effect of predicting this coefficient inaccurately may, nevertheless, result 

in problems as mentioned above (e.g. the inappropriate design of wastewater treatment 

plants etc.)   

The present study will focus on the development of the dispersion coefficient 

selection, especially comparing constant and variable dispersion representations.  It is 

expected from this study that the selection of a dispersion coefficient is carefully 

undertaken. 

1.5 Computer and Physical Modelling 

In pollution studies, including estuarine pollution, computational techniques have 

helped improve our understanding of pollutant transport (through modelling studies of 

various processes)and have led to improved predictive accuracy in the degree and 

extent of pollution.  The technique involves developing numerical schemes for solving 

the governing equations for the hydrodynamic and water quality processes in estuarine 

basins. 

In particular, water quality modelling involves the prediction of water pollution using 

mathematical simulation techniques.  A typical water quality model consists of a 

collection of formulations representing physical mechanisms that determine the mass 

and momentum conservation of a fluid package and any pollutants in a water body. 

On the other hand, physical hydraulic models have been used historically to 

investigate the design and operation issues in hydraulic engineering, and to study 

water problems in the aquatic environment, including estuaries.  The advantage of 

physical models is that  can represent fine grid scale processes which are not easy to 

be described by mathematical models, due to the complexity of the processes and the 

lack of knowledge of these processes(Sassaman et al., 2009).  Physical models can 

therefore describe the processes more accurately for controlled conditions, with 

numerous data provided through experiments which involve a range of parameters 
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thatcan be studied in some detail.  For example, the diverse situation of local scour of 

alluvial bed sediments around piers, submerged pipelines, and other hydraulic 

structures comprising a set of situations for which physical models have been the main 

means to obtain substantial insight and engineering design recommendations.  

Physical modelling of water intake performance comprises another set of situations in 

which great reliance is placed on hydraulic modelling (ASCE, 2000). 

However, there are shortcomings with physical models, which are usually termed 

scale effects and laboratory effects.  The former term describes the incomplete 

satisfaction of a full set of similitude criteria associated with a particular situation.  

Scale effects increase in severity as the ratio of the prototype to model size increases 

or the number of physical processes to be replicated simultaneously increases. 

Laboratory effects arise because of limitations in space, model constructability, or 

instrumentation impeding the acquisition of precise measurements.  They may also 

arise from incorrect replication of boundary conditions (ASCE, 2000).  Large physical 

models can also be expensive to maintain and operate. They occupy extensive 

laboratory space, may have to be retained for many years as a project evolves, and 

many deteriorate with frequent wetting and drying.   

Considering the advantages and disadvantages of each type of model (i.e. computer 

and physical models), integrated modelling may be most effectively undertaken using 

a physical model in combination with a numerical model, utilizing the strengths of 

both modelling methods as discussed earlier.  The combined use of the two modelling 

methods may have the following potential advantages: 

- Component processes of a complex flow situation can be investigated using the 

best-suited method; and 

- Costs of maintenance and operation of a large physical model may be reduced. 

The physical model may be better suited for investigating complex local flow and 

transport processes, whereas the numerical model may be more suited to investigating 

processes occurring over longer distances and over long time periods.   
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same or at least close.  The design of the physical model is based on the bathymetric 

data taken from bathymetric survey, and the same data are used in the computer model 

for the same location.  However, limitations in the construction of the physical model 

may have caused some deviations from the raw data, while the representation of the 

bathymetric data in the computer model depends upon the grid size etc.  As a result 

the bathymetry between the computer and physical models may be different and 

therefore the measurement and the modelling results may also not always be expected 

to match.  It is therefore important to make sure that the bathymetric data of the 

physical and computer models are as close as possible.  After the construction of the 

physical model, the bathymetry should be re-measured and the actual bathymetry of 

the physical model should be used in the computer model. 

In this study a part of the work is intended to show the importance of using the correct 

bathymetric data in both modelling tools for good comparisons between the respective 

results.   

Other input data are the boundary conditions which affect the model performance. 

These data can be of various kinds, including: 

- Water level data  

- Discharge data 

- Velocity data 

This study will show how the boundary condition accuracy can affect the accuracy of 

the model predictions.  This is done by comparing the performance of the model using 

simulated boundary conditions, which includeswater levels obtained from a sinusoidal 

function, and using water level data measured in the seaward boundary of the physical 

model. 

1.7 Aims of The Thesis 

From the above description about the opportunities and challenges in estuaries the 

understanding of dispersion process is an important consideration for helping maintain 

and improve water quality in estuarine basins.  This understanding can give correct 
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information about water pollution and in turn help make strategies for water quality 

protection. For example, correct information of dispersion process will be useful in 

planning of wastewater treatment plant, and will give information of how pollutant 

spread and to what extent.  The key of predicting dispersion processes is the correct 

determination of the dispersion coefficient, which indicates how fast dispersion 

occurs.  This will be determined by the following steps:  

1. Carrying out experiments in order to obtain the hydrodynamic and dispersion 

data.  For this case the hydrodynamic data obtained includes: water levels and 

velocities, and the data for dispersion studies is based primarily on dye tracing.  

2. Setting up the computer model and fitting the computer model to the physical 

model.   

3. Modelling of hydrodynamic and dispersion processes before bathymetry data 

refinement.  This is done by comparing the water level and velocity data between 

the computer model and the physical model. In this step the calibration of the 

model was also done in order to fit the computer model to the physical model.  

4. Refining the bathymetry data.  This is done in the middle of the study, which 

enables a comparison to be undertaken of the model performance before and after 

the bathymetry refinement.  

5. Modelling hydrodynamic and dispersion after refining the bathymetry data.  This 

is simply repeating the work of item 4 with the new bathymetry data.  

6. Carrying out experiments and model analysis for the groundwater basin.  This is 

done to collect data related to the hydrodynamic and dispersion in groundwater 

and use it to model the dispersion process in such flow fields.  The aim of this 

experiment is to show the dispersion process in groundwater as a linked system 

with the surface water, in this case the estuary.  
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1.8 Structure of The Thesis 

The present study has been written up with the following structure: 

Chapter 2 consists of a literature study, which provides the theoretical basis of this 

study, including hydrodynamics in surface water and groundwater, dispersion in 

surface water and groundwater, estuary-groundwater interactions, and bathymetry 

refinement using the PIV method.  

Chapter 3 describes the computer model, including: the governing equations of 

motion, the depth integrated hydrodynamic and solute transport equations and the 

numerical solution procedure.  

Chapter 4 describes the experimentation methods, including the Severn estuary 

physical model, the groundwater physical model, the water level and velocity 

measurements, and the dispersion experiments. 

Chapter 5 elaborates on the study results for the hydrodynamics in the estuarine 

physical model, including the experimental and modelling results.   

Chapter 6 details the study results for dispersion in the estuarine physical model, 

including the experimental and modelling results.  

Chapter 7 presents the study results for the hydrodynamic and dispersion processes in 

the groundwater and the corresponding process interactions with the estuary.  

Chapter 8 offers conclusion and recommendations for further studies.   
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Those streams included straight and meandering geometries.  The method involved 

derivation of a new triple integral expression for the longitudinal dispersion 

coefficient and development of an analytical method for the prediction of this 

coefficient for natural streams.  They verified the proposed method using 70 sets of 

field data collected from 30 streams in the United States, ranging from straight 

manmade canals to sinuous natural rivers.  The new method predicts the longitudinal 

dispersion coefficient, where more than 90% of the calculated values range from 0.5 

to 2 times the observed values.   

A series of experiments in three self-formed channels with known discharges was 

carried out by Boxall and Guymer (2007) in order to investigate longitudinal mixing.  

The channels were operated at various flow rates within each of the channels by 

monitoring the development of tracer plumes during transit through the channels.  

Using an optimization procedure, they found that coefficients required for the solution 

of the one-dimensional advection dispersion equation (1D-ADE) were in the range of 

0.02-0.2 m2/s.  They found that the coefficients varied as functions of the longitudinal 

meander location, channel form and discharge.  They made predictions of these 

longitudinal mixing coefficients using a mathematical technique requiring only 

channel form properties and flow rate as inputs.  Predicted values were typically 

within 20% of the measured values, although deviation of up to 50% was found for 

the lowest discharges in each channel.  They assumed that this large error was likely 

to have been caused by increased dead zone effects, associated with channel 

bathymetry at low discharges that were not captured by the method. 

Sooky (1969) studied the effect of cross-sectional shape on velocity distribution on the 

dispersion coefficient, Godfrey and Frederick (1970) studied the effect of width-to-

hydraulic ration on the dimensionless dispersion coefficient, Bansal (1971) also 

studied the effect of the width-to-hydraulic radius ratio on the dimensionless 

dispersion coefficient, Smith (1976) studied the longitudinal dispersion of a buoyant 

contaminant in a shallow channel, Chatwin and Sullivan (1982) studied the effect of 

width-to-depth ratios on the dispersion coefficient in rectangular channels.   Smith 

(1983) also obtained a general expression for the longitudinal dispersion coefficient 
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CHAPTER 3 

MATHEMATICAL MODELS OF 

HYDRODYNAMICS AND DISPERSION 
 

3.1 Estuary modelling 

The computer model used in this study is based on DIVAST (Depth-Integrated 

Velocity and Solute Transport) model, which was developed by Falconer (1993) and 

subsequently refined by Falconer and Lin (1997).The model is based on the continuity 

and momentum equations, and a depth-integrated time variant-model, which has been 

developed for estuarine and coastal modelling.  It is suitable for water bodies that are 

dominated by horizontal, unsteady flow and do not show significant vertical 

stratification.The model simulates two-dimensional distribution of currents, water 

surface elevation and various water quality parameters with the modelling domain as 

function of time. The model takes into account the hydraulic characteristics governed 

by the bed topography and boundary conditions (Falconer, 2001). 

In general, models can be classified as 1D, 2D and 3D models.  In the case of 

modeling water bodies, 1D model means that the flow is only considered in one 

direction, that is the main stream direction (or longitudinal direction).  2D model is 

applied when there are two directions of flow considered, which are longitudinal (X) 

and transversal (Y) directions.  In 2D vertical direction (Z direction) is not considered, 

meaning that the magnitude of vertical flow is negligible compared to X and Y flows.  

3D model takes account the three directions, which are longitudinal (X), transversal 

(Y), and vertical (Z) directions.  

Considering that the Severn estuary physical model is relatively shallow and because 

the main purpose of hydrodynamic study is to calibrate the computer model, using 

only X and Y directions is considered sufficient.  Therefore this study will use only 

2D model instead of 3D. 
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3.1.6 Application of the model on the study 

In order to find the agreement between the physical model and the mathematical 

model, several steps were taken in this study, namely:  

1. Plotting the bathymetry and boundary of the Severn estuary:  The bathymetry data 

which was provided from the digitation of Admiralty Map was input to the Input 

File of the model.  The domain was also input to the Input File (the file consisting 

values of parameters such as time step, grid numbers, Eddy viscosity value, n-

Manning, etc).   

The size of the domain was 242 x 168 cells. 

2. Fitting the geometry between the physical model and the mathematical model: 

Although the bathymetry data and domain block of the computer model and 

physical model were based on the same data, which is the Admiralty Map, there 

may still exists geometric disagreement between the two models.  Therefore an 

adjustment need to be done between the the two models. 

Although both the computer model and physical models use the same data source 

for the bathymetry, there is possibility that both models are not in perfect 

agreement, especially for the reason of construction of the physical model which 

might contain error.  

Therefore an effort should be made to check whether the bathymetry of the 

computer model agrees with that of the physical model.  This is done by checking 

several points which are obvious in the physical model (such as deep point and 

hump) and searching the corresponding point in the computer model.  A correction 

in the computer model should be made if the depth of both model is not in 

agreement.   

3. Hydrodynamic calibration: After the geometric fitting is done, the computer 

model is calibrated against the experimental data from the physical model.  This 

data is consisted of water level and velocity data. Calibration is done using 

several parameters such as n-Manning roughness coefficient, Eddy viscosity 
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Fig. 3.3  Tracer response curve family for the open boundary condition 

(after Levenspiel, 1999)  
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CHAPTER 4 

EXPERIMENTAL METHODS OF 

HYDRODYNAMICS AND DISPERSION 
 

The purpose of the experiment is to provide sufficient data to support analysis of the 

problem being studied.  In the present study, there are mainly two experiments, that 

are experiment in the Severn physical model and experiments in the groundwater 

physical model.  Experiments in the estuary physical model are then used to calibrate 

computer model, while experiments in the groundwater are then analyzed using a 

mathematical model. Table 4.1 lists all the experiments delivered in the present study.  

Table 4.1 Experiment sets 

Experiment 
no. 

Location Sampling point Purpose Parameters 

E-1 Estuary P1, P2, P3 
P4, P5, P6 

Hydrodynamics 
Hydrodynamics 

Water level 
 Velocity  

E-2 Estuary  P7, P8, P9, P10, 
P11, P12 

Hydrodynamics Water level and 
velocity 

E-3 Estuary P7, P8, P9, P10, 
P11, P12 

Dispersion  Dye tracer 
concentration 

G-1 Groundwater 
model 

A, B, C, D, E, F, 
G 

Calibration Water level 

G-2 Groundwater 
model 

A, B, C, D, E, F Effect of tide 
on groundwater 

Water level  

G-3 Groundwater 
model 

A, B, C, D, E, F Effects of tide 
and pump on 
groundwater 

Water level  

G-4 Groundwater 
model 

A, B, C, D, E, F Dispersion Dye tracer 
concentration 
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The purpose of Expt. E-1 is to characterize the hydrodynamic process of the physical 

model, which contains water level and velocity experiments.  Expt E-2 is to provide 

data for model calibration.  Expt. E-3 is to characterize the dispersion process in the 

estuary model, and to provide data for dispersion model.  Expt. G-1 is the experiment 

for calibration.  Expt. G-2 is to establish the effect of tide on groundwater dynamics.  

Expt. G-3 is to explore the effects of tide and pump on groundwater hydrodynamics, 

and finally Expt. G-4 is to establish the dispersion characteristics of the groundwater 

model. 

4.1 Experiments in the Severn Estuary Physical Model 

4.1.1 Description and working principle 

This study uses an estuary physical model namely the Severn Estuary physical model 

as its main tool, along with the DIVAST model described in Chapter 3.  The physical 

model is located in the Hyder-Hydraulic Laboratory, Cardiff University.  With 5.7 m 

long and 3.9 m wide, the physical model was built in a tidal basin constructed 

previously.  It is a miniature of the Severn estuary (the prototype) with the ratio of 

1:125 and 1:25,000 for vertical and horizontal dimensions, respectively.  The scope of 

the model is shown in Fig. 4.1.  An aerial view and a lay out of the physical model are 

shown in Fig. 4.2 and Fig. 4.3, respectively.  Fig. 4.4 shows the bathymetry of the 

physical model.  

The physical model simulates the water movement (hydrodynamics) in the estuary 

which is mainly affected by a simulated tide.  Water is stored in a ground tank beneath 

the physical model, and when the model is operated the water is pumped and flowed 

through a pipe system and a perforated big pipe, before finally enters the physical 

model.  The pump is operated at 1,400 rpm. 
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Fig. 4.1  Scope of Seven estuary physical model 

 

 

Fig. 4.2  An aerial view of the Severn estuary physical model 



52 
 

 

Fig. 4.3  A lay out of the Severn estuary physical model 

 

Fig. 4.4  A bathymetry map of the Severn estuary physical model 

(datum: mean water level) 
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 (a)      (b) 

Fig. 4.6 (a) Water level probe (b) Position of WL probe 

 

4.1.4 Velocity measurement 

Water flow velocity is measured by the Acoustic Doppler Velocimeter (ADV) which 

works on the basis of Doppler effect principle.  An ADV probe consisted of three 

main components: (i) one transmitter, (ii) three receivers, and (iii) conditioning 

module (see Fig. 4.7).  First, a short acoustic pulse is emitted from the transmitter to 

the water.  Particles (or scatterers) present in the water then reflect (or echo) the pulse 

and this echo is received in three ADV receivers, amplified in the conditioning 

module and digitized/analysed in the processing board.  The frequency shift between 

the pulse transmission and its receiving is used to calculate the velocity of the 

particles, based on the Doppler principle.   

There are three types of ADV probes, namely downlook, uplook and sidelook ADV 

probes.  They can be used interchangeably depending on the situation of sampling 

points.  For example, for the sampling points near the physical model bed the 

downlook ADV is used, while for the sampling points near the water surface the 

uplook ADV is used (Fig. 4.8).  
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A special bridge is constructed in the physical model to attach and move the ADV 

probes and to help access all the points in the Severn estuary physical model.When the 

ADV probes were set in the physical model, the velocity measurement were started 

and monitored in the computer using the ADV software.  The velocity measurement is 

applied on the particles contained in a virtual volume, called sampling volume, which 

is about 5 cm from the transmitter. (Fig. 4.7). 

 

Fig. 4.7 Schematic representation of ADV 

(a)    (b)    (c) 

Fig. 4.8 Three types of ADV: (a) downlooking (b) sidelooking (c) uplooking 
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The measurement resulted in three graphs in the computer control, namely Vx, Vy, 

and Vz, which represent longitudinal, transversal, and vertical velocities, respectively.  

The reading of the ADV was recorded in a computer using Win-ADV software, 

showing the three directions of velocity (Vx, Vy, and Vz). 

4.1.5 Dispersion experiments 

Dispersion study in the Severn Estuary physical model was carried out by injecting 

dye tracer in a certain point (called injection point) and measuring its concentration in 

several points.  Later the measurement results will be compared to the modelling 

results in order to find the best value of dispersion coefficient.  

a. Dye tracer preparation 

The dye tracer used in this experiment is Rhodamine WT.  The stock solution was 2 

pph (2%) concentration.  Dye tracer solution was prepared from the Rhodamine WT 

stock to obtain the solution for both fluorometer calibration and experiment.  For the 

fluorometer calibrationa dye solution of 100 ppb was prepared, and for the experiment 

a solution of 250 ppm was prepared.  Table 4.2  shows the preparation procedure for 

250 ppm dye tracer solution. 

 

Table 4.2  Dilution procedure for the 250 ppm dye tracer 

Step 
Initial 

conc. 

Added volume 

(ml) 

Flask volume 

(ml) 

Dilution 

factor 

Final 

concentration 

1 20 pph 2 200 100 2 ppt 

2 2 ppt 125 1000 8 250 ppm 
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b. Fluorometer setting 

In order to measure the concentration of dye tracer, a type of fluoromer is used.  The 

fluorometer used in this study is Cyclops-7 fluorometer, which consists of the 

following components:  

1) fluorometer probe, which emits the fluorescence light and catch the reflected 

photon from the dye tracer; 

2) data bank, which stores the measured data from the dye tracer returned back by 

the fluorometer; 

3) fluid cell, functioning as the case for the fluorometer probe.  The fluid cell is a 

package in which the flurometer probe is inserted so that the fluorometer does not 

necessarily submerged in the water.  By this method the flurometer can be safely 

put outside the water body. 

Fig. 4.9 shows the Cyclops-7 with all its components. 

 

 

Fig. 4.9  Cyclops flurometer 

The fluorometer along with the data bank is installed in the computer according to the 

installation manual from the manufacturing company.   

Before it is used, the fluorometer needs to be calibrated against the standard solution.  

The calibration involves two main steps: 

1) Calibration against the distilled water as the blank (zero concentration) 
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2) Calibration against 100-ppb dye tracer solution as the dye solution standard 

The selection of the 100-ppb dye concentration was based on an expectation that the 

concentration of the dye tracer in the water system did not exceed 100 ppb.  

The data collected from the dye tracer experiments are processed further with the data 

bank.  The data is downloaded from the data bank to the computer using GUI 

software, and the result is converted to a spread sheet software. 

4.1.6 Experiment setting 

All the descriptions above (4.1.1 to 4.1.6) explain the working principle of the 

instruments used in this study.  Those instruments are used for carrying out 

experiments in the Severn estuary physical model, which consist of:  

(a) Experiment E-1 (Expt. E-1),which aims at obtaining a general characteristics of 

hydrodynamic in the physical model; 

(b) Experiment E-2 (Expt. E-2), which aims at providing a more detail data for the 

the modelling of hydrodynamic and dispersion aspects.  

For the Expt. E-1, the sampling points are shown in Table 4.3 and Fig. 4.10.  As this 

experiment is an initial observation of the hydrodynamic condition, the water level 

and velocity experiments was carried out in different points. 

Table 4.3  Coordinate of sampling points in Expt. E-1 

Sampling point 
Physical model coordinate (cm) 

X Y 

Water level   

- Point P1 479 93 

- Point P2 143 182 

- Point P3 0 92 

Velocity (ADV)   

- Point P4 320 86 
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Sampling point 
Physical model coordinate (cm) 

X Y 

- Point P5 160 178 

- Point P6 0 225 

 

For Expt. E-2, the sampling points are shown in Table 4.4 and Figure 4.10.  In this 

experiment the water level and velocity experiments were carried out in the same 

sampling points in order to enable the next modelling works to study the water level 

and velocity of the same location. 

Table 4.4  Coordinate of sampling points in Expt. E-2 

Sampling point 
Physical model coordinate 

X Y 

Point P7 435 90 

Point P8 390 47 

Point P9 335 54 

Point P10 305 60 

Point P11 258 108 

Point P12 202 174 

   

4.1.7 Bathymetry refinement 

Bathymetry refinement was done using Particle Image Velocitymetry (PIV) method.  

PIV is an optical method usually applied for velocity measurements and related 

properties in fluids.  In this method the fluid is seeded with tracer particles which, for 

sufficiently small particles, are assumed to faithfully follow the flow dynamics.  The 

fluid with entrained particles is illuminated so that particles are visible.  The motion of 

the seeding particles is used to calculate speed and direction (the velocity field) of the 

flow being studied.  
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Fig. 4.10  Locations of sampling points in Expt. E-1 and Expt. E-2 

 

PIV apparatus consists of a camera (normally a digital camera), a strobe or laser with 

an optical arrangement to limit the physical region illuminated, a synchronizer to act 

as an external trigger for control of the camera and light guide may connect the laser 

to the lens setup.  PIV software is used to post-process the optical images.  

In this study PIV method is used to measure the bathymetry.After the PIV 

measurement is done the bathymetry are measured manually to verify the results.  

Then the new bathymetry data is used to run the model. 

 

4.1.8  Modelling of the results 

As it has been described in Chapter 3, that the computer used in this is DIVAST 

model.  The parameters used in this model is presented in Table 4.5.   
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Fig. 4.11  Location of boreholes in the groundwater model 

A pump is set in the upper boundary to be used in the experiments observing the effect 

of pumping on the groundwater flow.  The pump is located in the upper boundary of 

the sandbox, close to point F (Fig. 4.11).  The water from the pump is flowed on the 

borehole F, pushing the dye tracer injected into any borehole to flow to the estuary 

model direction. 

The boundary of the idealized groundwater model is consisted of two boundaries: (1) 

the closed boundary in the upstream of the groundwater model, (2) the open boundary 

which is connected to the Severn estuary physical model (Fig. 4.12). 

4.2.2 Water level measurement 

The water level probes used in this experiment in the groundwater model is the same 

with the water level used in the estuarine physical model experiments.  

In order to measure the water level in the groundwater, the water level probes were set 

in the borehole and attached to the velocity bridge.  The base of the water level probes 

touched the base of the box in the borehole to ensure that the water depth is measured 

fully.  

Water level probes used in this experiment were the same with those used in the 

estuarine experiments.  In this experiment water level need to be calibrated as well.  
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However, the method of calibration is rather different.  Here the water level was 

measured in four levels in order to find the relationship between the actual water level 

and the reading data.  After this relationship (calibration equation) is found then it is 

used to transform the read data into the actual water level data.  

4.2.3 Dispersion experiments 

After the water level measurements have been done, the experiments of dispersion 

were carried out.  Firstly the dye tracer was prepared in the same way with that in the 

estuarine experiments.   

Firstly the dye tracer was prepared in the same method with that in the estuarine 

physical modelexperiments.  There are two standard solutions, namely blank standard 

and solution standard.  The concentration of the standard tracer was 100 ppb; this was 

used to calculate and to assist with the accuracy of the concentration range for the 

concentration measurement databank facility.  For the experiment, the tracer 

concentration was 20 ppm, this being used for transporting the sandbox. 

As has been describe in the previous chapter, there are two boundary conditions 

examined in this study: 

 

(1) Open-open boundary conditions 

The open-open boundary conditions mean that the both boundary of the groundwater 

model are open so that the water coming from the upper boundary does not change in 

term of flow and dispersion.  This can be illustrated in Fig. 4.12. 

 

 
Fig. 4.12  Open-open boundary conditions 
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The upper boundary (F) is open without barrier.  This affects on that the water 

pumped into borehole F flows first to the back side, filling an extra area before it 

flows downwards (to borehole E, etc.).   This has an effect on the accuracy of model.  

 

(2) Close-open boundary conditions 

For close-open boundary conditions, this means that the upper boundary of the 

groundwater model is open, letting the water flow without any obstruction, while the 

lower boundary is open.  This is illustrated in Fig. 4.13.  

 

Fig. 4.13  Close-open boundary conditions 

In this scenario, borehole F in which water is pumped in is restricted by a metal 

barrier, by which the water flow directly to borehole E, etc.    

In this study, two kinds of boundary conditions were applied.  The reason for this is 

that in order to find the best fit for the dispersion coefficient, the two conditions need 

to be looked for in order to find the best value of the dispersion coefficient.  

The purpose of the study is to find the value of the dispersion coefficient in order to 

compare it with the dispersion coefficient in the estuary physical model, and to apply 

it to the prototype. 
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(a) Cross section P1    (b) Cross section P2 
 

 

(c) Cross section P3 = P6   (d) Cross section P4 

 

(e) Cross section P5 

Fig. 5.1  Sampling point cross sections 

Note: the cross section for water level measurement at P3 is the same with the velocity 

measurement of P6. 
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As a result, the calibration equation was found to be y = 0.0747 x + 1.652, as shown 

in Table 5.2.  The same method was applied for the points P2 and P3, resulting in the 

calibration equations as given in the same table.  

This procedure of calibration is critical for obtaining the correct measurement of water 

level. 

5.1.2 Water level measurement results 

Water level measurements were carried out at the three sampling points after the 

calibration of the water level probes. The measurements were undertaken 

simultaneously, using three water level probes. These measurements were done with 

the datum of the mean water level.  By using these equations the read data were 

converted to actual water level data. 

The overall water level measurement results are shown in Fig. 5.2.   

 

Fig. 5.2  Water level measurement results in the Expt. E-1 
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From Fig. 5.2 it can be seen that the water level range at the sampling points varied 

from 8 to 10 cm.  The water level range was increasing in the following order: Points 

P3, P2, and P1.  The water level range at each sampling point is shown in Table 5.3. 

Table 5.3  Water level range at each sampling point in the Expt. E-1 

Sampling point Water level range (m) 

P1 0.109 

P2 0.098 

P3 0.087 

 

It is clear that the water level fluctuations at any point in the estuarine physical model 

were generated by the movement of the weir at the seaward  boundary (i.e. lower 

boundary), and there was no other sources of water level change.  Measurements of 

the water level fluctuations at the lower boundary, which were done after these 

experiments, revealed that the tidal range at the weir setting was 8.162 cm.  This 

meant that the tide at the lower boundary had resulted in a larger water level range at 

the sampling points. 

As can be seen in Table 5.3, the value of the tide range at the three sampling points 

was (from the biggest): Point P1, Point P2, and Point P3.  Several aspects can be 

concluded from these results, as follow: 

a. Location of the sampling points 

Theoretically the further the distance of the sampling point from the tidal weirthe 

smaller the water level range, with the water level range indicating the potential 

energy contained in the water column at that point. The further the location up the 

estuary meanta decrease in the potential energy.  However, this theory was not always 

practical for this study, since there was a reflecting tide (ebb tide) from the upper 

boundary, which interacted with the incoming flood tide.  The measured results in 

these experiments showed that the largest tide range occurred at Point P1, then P2, and 
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finally P3.  This result did not agree with the energy theory, where the order should 

have been: P3, P2, and P1.   

b. Cross sectional area at which the sampling point was located 

According to the continuity principleand assuming that the velocity across the section 

is constant, then the larger the width of the channel, the smaller would be the tide 

range. From Table 5.1 it can be seen that cross section P3 is about 2.4 times greater 

than P2, and about 24 times greater than P1.  According to the continuity principle, the 

decreasing water level range would be in the order (from the biggest): P1, P2, and P3. 

c.  Energy loss 

There was energy loss in the water movement throughout the basin.  The energy was 

generated from the potential energy of the tide weir. This potential energy is then 

converted to kineticenergy which causes water flow with a certain velocity.  The water 

velocity measured in these experiments was therefore the representation of the kinetic 

energy (as the kinetic energy is formulated as Ek = ½ mv2, where m = mass and v = 

velocity). 

As stated in the energy conservation law, energy does not disappear, but is converted 

to other forms.  Here the friction with the bed surface and the channel walls caused 

energy to be lost as heat. Theoretically, this energy loss should mean the reduction in 

the tidal range or a reduction in the velocity.  The results show that the tide range in 

the physical model increased as the water flowed from the lower boundary (the sea 

boundary).  Point P1 had the biggest tide range, succeeded by P2, and lastly P3.  

According to the law of continuity, fluid with a constant discharge which enters a 

narrower cross section will have a velocity increase. 

5.1.3 Velocity measurement results 

The next experiment was the experiment for measuring velocity.  In order to obtain 

the velocity profiles, the velocity measurements were carried out in several levels in 

the water.  The determination of those levels was based on the depth of the water in 

the sampling points.   
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The velocity measurements in each level were carried out using the suitable ADV 

probes.  In general, for the levels near the physical model bed the downlooking ADV 

was used, while for the levels near the water surface the uplooking ADV was used.  

After all the data was obtained, the velocities were then represented as the depth-

average velocity using trapezoidal method. 

Velocity was measured at the sampling points which were chosen as outlined above, 

and the velocity profiles were drawn, based on the velocity measurements at several 

levels at the sampling points. Fig. 5.3, 5.4 and 5.5 show the results of the velocity 

measurements for Point P4, P5 and P6, respectively. 

 

Fig. 5.3  Velocity measurement results at Point P4 
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Fig. 5.4  Velocity measurement results at Point P5 

 

Fig. 5.5  Velocity measurement results at Point P6 
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tide had two peaks.  This difference is due to geometrics of the physical model and the 

position of the sampling points relative to the weir which generated the tide.  

For Points P4 and P6, maximum ebb Vx was larger than maximum flood Vx, but 

opposite situation happened at Point P5.  For Points P4, maximum ebb Vy was larger 

than maximum flood Vy, but for P5 and P6 the opposite situation happened.  These 

results were related to the position of the points and geometry of physical model.  

Fig. 5.3 shows that there is a double peak in the flood tide at Point P4.   But there is no 

double peak in the flood phase at Point P5.  Instead, double peaks occur in the ebb 

phase of the graph.  One possible reason that Vx only has one peak in the flood phase 

is that there is no obstruction from the reflecting wave from the upper boundary.  This 

means that the reflecting wave came before the peak in the flood tide was achieved.  

Then, when the water level is forming the ebb phase, the reflecting wave came to 

Point P5 and hence double peaks are formed in the ebb phase.  

The velocity graphs at Point P6 show a different shape from those at Point P4 and 

Point P5.  At this point Vx is much more dominant.  The velocity range of Vx (max-

min) is about 13 cm/s, while Vy is about 3 cm/s.  There is no double peak in the flood 

tide, but ebb tide shows double peaks although this is not obvious.   

From the results shown above several data on velocity characteristics can be obtained, 

as shown in Table 5.4. 

Table 5.4  Characteristics of velocity from the measurement 

Sampling 
point 

Vx-max 
flood 
(cm/s) 

Vx-max 
ebb 
(cm/s) 

Vy-max 
flood 
(cm/s) 

Vy-max 
ebb 
(cm/s) 

Speed-max 
flood 
(cm/s) 

Speed-max 
ebb 
(cm/s) 

P4 5.50 7.29 2.43 2.43 7.80 5.94 
P5 6.28 4.84 2.46 1.41 6.60 4.94 
P6 7.97 6.65 2.19 1.71 8.00 6.69 
 

The hydrodynamics in the physical model can be analyzed generally by velocity 

graphs;   
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First is the speed comparison between flood tide and ebb tide.  All points showed that 

maximum speeds in flood tide (7.80, 6.60 and 8.00 cm/s at P4, P5 and P6, 

respectively) were larger than maximum speed in ebb tide (5.50, 6.28 and 7.97 at P4, 

P5, and P6, respectively).  This suggested that there was no obstruction from the 

reflected tide of the preceeding flood tide, since the location of Points P4, P5 and P6 

were closer to the sea boundary than to the river boundary. 

Second is the comparison between the speed from a point to the others (P4, P5 and 

P6).  The maximum speed in flood tide decreased from 8.00 cm/s at P6 to 6.60 cm/s at 

P5, suggesting a decrease in energy as water flowed from sea boundary to river 

boundary.  However at Point P4 the speed increased again to 7.80 cm/s, because of the 

effect of reflected tide from the preceeding flood tide as Point P4 was closer to the 

river boundary compared to the others.  

Third is the comparison between Vx and Vy which indicates how velocity was 

diverted from longitudinal direction.  Vx-max for flood increased from P4 to P6, or 

decrease from P6 to P4.  This was because the flow was dominantly longitudinal at 

Point P6, then less longitudinal at Point P5 and P4.  This can also be evaluated from 

the value of Vy-max flood. Vy-max at P6 was less than P5 and P4, suggesting that the 

transversal flow is minor compared to longitudinal flow at this point.  

 

5.1.4 Velocity profile 

In a water body, velocity of water particles are not usually homogenous, both 

vertically and horizontally.  The velocity is distributed depending on the 

hydrodynamics of the water body.  The distribution of velocity is usually represented 

by a velocity profile, and this profile is essential to identify the characteristics of the 

water body being studied.  

DIVAST model represents velocity in three directions, namely longitudinal velocity 

(Vx), lateral or transversal velocity (Vy), and vertical velocity (Vz).  Since this study 

approaches hydrodynamics of the Severn Estuary physical model as two dimensional, 
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that is water flows only in longitudinal and lateral directions, only Vx and Vy are 

analyzed.    

At every point in the physical model, the magnitudes of Vx and Vy differed depending 

on the geometry of the model.  For example, at Point P6 Vx is dominant as the water 

tended to flow straightly in longitudinal direction without obstacles or bends.  

However at Point P11 where the model bends, Vx was no longer dominant and Vy 

started to dominate the flow direction.   

Considering this, velocity profile was analyzed in term of speed, that is the resultant 

betweenVx and Vy. 

Fig. 5.6 to Fig 5.8 show the vertical speed profiles at the sampling points in Exp. E-1 

in flood and ebb tides, based on the velocity measurements undertaken during the 

experiments and a result of 3 (three) cycles averaging. 

 

 (a) (b) 

Fig. 5.6  Vertical speed profiles at Point P4 in Expt. E-1: (a) flood tide; (b) ebb tide 
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 (a) (b) 

Fig. 5.7  Vertical speed profiles at Point P5 in Expt. E-1: (a) flood tide; (b) ebb tide 

 

 

 (a) (b) 

Fig. 5.8  Vertical speed profiles at Point P6 in Expt. E-1: (a) flood tide; (b) ebb tide 
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as the reflection of the flood tide to the river boundary.  This flow is named reflected 

flow.  Flood tide and reflectide flow may meet in a certain region of the physical 

model, meaning that the flood tide going from the weir may meet the reflected flow 

tide from the flood tide of the preceeding tide cycle.  This region is predicted to be 

near the river boundary.  As a result of this, the speed profile may not similar with the 

typical profiles for laminar flow, which start from zero velocity in the bed and 

maximum velocity in the water surface, as sketched in Fig. 5.9. 

 

 

 

 

 

Fig. 5.9  Typical vertical velocity profile in laminar flow 

Fig. 5.6 to 5.8 shows the vertical speed profiles at Point P4, P5 and P6, for flood and 

ebb tides.  For Point P4, generally water speed in the flood tide was smaller than in the 

ebb tide.  Five points showed close speed values, namely between 3.3 cm/s and 4.0 

cm/s, and only two points showed rather far values, which were 5.4 cm/s and 5.6 cm/s.   

Despite the two points which showed rather far velocity values, the remaining points 

showed close values of speed.  This suggested that either the flow was turbulence 

(which tend to form a flatter velocity profile than laminar flow as illustrated in Fig. 

5.9), or there was a disturbance from the reflected flow deterring the formation of 

normal velocity profile as illustrated in Fig. 5.9.  

As for Points P5 and P6, more curved speed profile can be observed. This is closer to 

the ideal velocity profile in Fig. 5.9 

As a contrast to Point P4, at Points P5 speed of flood tide was larger than speed of ebb 

tide.  The speed profile shows tendency to ideal velocity profile, with the speed in the 

Velocity  (m/s) 

Depth 

(m) 
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top of the profile being the maximum speed and the bottom of the profile being the 

minimum.  This suggests that the flow tended to be longitudinal, without significant 

disturbance from the reflected flow from the preceding flood tide.   This is suggested 

to relate with the position of Point P5 which was much further from the river 

boundary than Point P4, making the effect of reflected flow insignificant.   

At Point P6, the shape of speed profile clearly represented the ideal velocity profile 

depicted in Fig. 5.9.  The top of the profile was the maximum speed, while the bottom 

of the profile was the minimum speed, and the other points formed a smooth curve 

from large speed value in the upper position to smaller ones in the lower position. This 

suggests that the flow tend to be laminar than the flow at the other points (P4 and P5).  

This also happened in the ebb tide, with a steeper profile.  The top of the profile was 

the largest speed, while the bottom of the profile comprises the smallest speed.  The 

value of speed decreased from upper to lower points, suggesting an ideal velocity 

profile such as depicted in Fig 5.9.  However, there is a slack between the speed at 

third and forth level (from the bottom), suggesting that there is always possible 

disturbance to the profile by certain aspects, such as shape of the physical model 

which is irregular.j 

5.2 Experiment E-2 

The Expt. E-1 helped in obtaining some basic information on the hydrodynamics of 

the Severn estuary physical model.  They described the hydrodynamic characteristics 

of the estuarine physical model, including the water levels, velocity and velocity 

profiles. These observations led to a first assessment of the hydrodynamics of the 

physical model, which can help in predicting the value of the dispersion coefficient for 

this water body. However, a more detail observation was needed to predict the 

dispersion coefficient, by undertaking more comprehensive experiments, assisted by a 

mathematical solution (including computer modeling).  Expt. E-2 was designed to 

observe the change in the hydrodynamic conditions from point to point, which were 

quite close, so that the change in the hydrodynamic parameters could be evaluated 

more accurately.  
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(e)      ( f) 

Fig. 5.10  Water level measurements for Expt. E-2 at (a) P7, (b) P8, (c) P9, (d) P10, 
(e) P11, and (f) P12 

Fig. 5.10 shows that there are no significant differences for the water level 

measurement results at the six sampling points.  This is rather different with the 

results in the Expt. E-1, where the differences in the water level range were quite 

significant.The reason of this is because in the second  experiments the location of the 

sampling points were close to each other.   

It was predicted that the water level and velocity in Expt. E-2 did not differ 

significantly.  Figure 5.10 shows that the differences of tide range between the 

successive sampling points were small.   

The small distance and small differences among the water level in Expt. E-2 was 

important so it was easier to discuss the dispersion process later. 

5.2.2 Velocity measurement results 

Velocity measurements were then undertaken for Expt. E-2, in the same manner as for 

Expt. E-1, taking several levels for the measurement in order to calculate the depth-

averaged velocity and to establish the velocity profile at each sampling point.   The 

depth at which measurements were taken is shown in Table 5.5.   
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Table 5.5  Data of levels for velocity measurements 

Level 
Point-7 Point-8 Point-9 Point-10 Point-11 Point-12 
H (cm) H (cm) H (cm) H (cm) H (cm) H (cm) 

1 2.8 2.8 2.6 3.5 4 4 
2 5.6 5.6 5.2 7 8 8 
3 8.4 8.4 7.8 10.5 12 13 
4 11.2 11.2 10.4 14 16 17 
5 14 14 13 17.5 19.3 22 
6 16.8 16.8 15.6 21 23.0 25 

Total depth 19.2 20 18 25 28.5 29.2 
 

Fig. 5.11 to 5.16 show the velocity measurement results at the six sampling points (P7 

to P12).  There are some differences in the velocity measurement results at each point.  

These differences includes the magnitude of the velocity and the shape of the velocity 

graphs. 

 

Fig. 5.11  Velocity measurement results (depth-averaged) at Point P7 
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Fig. 5.12  Velocity measurement results (depth-averaged) at Point P8 

 

 

Fig. 5.13  Velocity measurement results (depth-averaged) at Point P9 
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Fig. 5.14  Velocity measurement results (depth-averaged) at Point P10 

 

 

Fig. 5.15  Velocity measurement results (depth-averaged) at Point P11 

-10

-8

-6

-4

-2

0

2

4

6

8

10

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6

Ve
lo

ci
ty

 (c
m

/s
)

Time (min)

Vx

Vy

Speed

-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

0 0.4 0.8 1.2 1.6 2 2.4 2.8 3.2 3.6

Ve
lo

ci
ty

 (c
m

/s
)

Time (min)

Vx

Vy

Speed



89 
 

 

Fig. 5.16  Velocity measurement results (depth-averaged) at Point P12 

Based on the results shown in Fig. 5.11 to Fig. 5.16, the maximum velocity can be 

identified as shown in Table 5.6. 

Table 5.6  Maximum Vx, Vy and Speed in the Expt. E-2 

 
Vx-max-

flood 
Vx-max-

ebb 
Vy-max-

flood 
Vy-max-

ebb 
Speed-max-

flood 
Speed-max-

ebb 
P7 7.08 -7.66 3.65 -2.42 7.72 7.98 
P8 4.12 -5.66 2.53 -3.99 7.84 6.96 
P9 7.65 -8.67 -1.31 1.99 7.71 9.12 
P10 6.47 -8.25 -2.23 2.43 7.21 8.83 
P11 6.76 -10.46 -2.25 4.21 7.48 11.01 
P12 4.49 -5.17 -1.72 2.22 4.69 5.54 

 

There are several points which can be derived from the data above: 

-The ratio between Vx and Vy:  The more dominant Vx, the closer the flow to be 

dominantly longitudinal.  In general, Vx is always larger than Vy according to the data 

in Table 5.6.  This means that the longitudinal flow is dominant to lateral/transversal 
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flow.  The comparison between Vx and Vy in flood tide, regardless the negative signs 

are as follow:  

P7: 1.9   P10: 2.9  

P8: 1.6   P11: 3.0 

P9: 5.8    P12: 2.6 

Based on the data above, the flood tide Vx was about 2-3 times than the flood Vy. 

These values have relationship with the positions of those sampling points which were 

in the bends, making Vx not dominant.  Only P9 had significant value of this ratio, 

where its Vx was almost 6 times than Vy in flood tide.  This can be explained by the 

position of the sampling points.  For P7, and P8, the posision is north-east, making Vx 

positive and Vy positive.  For P10, P11, and P12 the position of the sampling points 

were north-west, making Vx positive and Vy negative.  As for P9, its position was 

between the two bends.  Therefore it seemed that the velocity had dominant 

longitudinal, because this point was in the position where the flow altered.  The value 

of Vy was therefore the smallest among the other points, that was only 17% of Vx.  

This happened oppositely in the ebb tide.  P7 and P8 had negative Vx and negative 

Vy, while P10, P11 and P12 had negative Vx and positif Vy.  P9 tended to follow the 

other points in north-west, making it have negative Vx and positive Vy.  Still among 

the other points, Vy at this point was the smallest, suggesting that this was a dominant 

longitudinal flow.  

Other aspects which can be discussed is the comparison between flood tide and ebb 

tide in term of speed.  Except for P8, flood tide had lower speed than flood tide.  The 

ratio between flood tide and ebb tide in percent was: 97%, 112%, 85%, 81%, 68%, 

and 85% for P7, P8, P9, P10, P11 and P12, respectively.  This is suggested to be 

related with the position of the sampling points, which were closer to the river 

boundary than to the sea boundary.  These positions made the flood be detered by the 

fixed river boundary or by the reflected flow of the preceding flood tide, thus reducing 
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Fig. 5.19  Vertical speed profiles at Point P9 

 

Fig. 5.20  Vertical speed profiles at Point P10 
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Fig. 5.21  Vertical speed profiles at Point P11 

 

Fig. 5.22  Vertical speed profiles at Point P12 
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5.3.1 Water level modelling 

The first step in model calibration is geometric fitting, namely checking the agreement 

between the geometry of estuary between the domain in the computer model and the 

physical model.  This is done by checking the coordinates of several obvious points, 

such as angles, humps, and deep points.  The results of this fitting was that the domain 

of the computer model should be shifted as many as 6 (six) rows.  Results are not 

shown here.   

After geometric fitting, the model was run and the predicted water level result were 

compared to the experimental data.  The results can be seen in Fig. 5.24 to 5.29.   

 

 

Fig. 5.24  Water level comparison at P7 
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Fig. 5.25  Water level comparison at P8 

 

 

 

Fig. 5.26  Water level comparison at P9 
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Fig. 5.27  Water level comparison at P10 

 

 

 

Fig. 5.28  Water level comparison at P11 
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After the bathymetry measurements had been completed, a verification step 

wasundertaken to make sure that the refined measurements were correct.  This was 

done by measuring the bathymetry manually, using a level gauge. 

The verification step was done for several cross sections, with points in each cross 

section. The list of the cross section is shown in the Appendix.  By obtaining these 

improved bathymetric results it was expected that the accuracy of the hydrodynamic 

model would be improved relative to the data of the physical model.The new 

bathymetric data were used in the model, and the model was again run to obtain 

predictions of the water levels and velocities. 

Results of the bathymetry refinement can be seen in Fig. 4.3   
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(a)       (b) 

 
(c)       (d) 

 
(e)       (f) 

Fig. 5.44  Water level modelling after bathymetry refinement: (a) P7, (b) P8, (c) P9, 
(d) P10, (e) P11, (f) P12 
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(a)       (b)

 
(c)       (d) 

 
(e)       (f) 

Fig. 5.45  Vx modelling after bathymetry refinement 
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(a)       (b) 

 
(c)       (d) 

 
(e)       (f) 

Fig. 5.46  Vy modelling after bathymetry refinement:  (a) P7, (b) P8, (c) P9, (d) P10, 
(e) P11, (f) P12 
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In order to compare between model results before and after refinement, an error 

analysis was again conducted.  The same procedures for n-Manning and COED above 

were also conducted for comparing the old and new bathymetry. The results are 

shown in Appendix-3.   

The total score was as follow:  

- Old bathymetry: 180 

- New bathymetry: 146 

From the results above it can be concluded that the model result is sensitive to the 

change of bathymetry. Although in this study the model using old bathymetry showed 

better results than the model using new bathymetry, it does not mean that using correct 

bathymetry is not important.  The results above show that the old bathymetry was 

quite precision, and that that by chance in overall the old bathymetry is more precsion 

than the new one. 

As a conclusion for the best practice in building a physical model, two approaches can 

be followed:  

a. The  physical model can be build based on available bathymetry map. 

b. After the physical model is built, verification of the bathymetry should be carried 

out by measuring the depth using PIV method. 

After having two bathymetry, the computer model is run using two bathymetry, and 

then the results of both are to be compared.  If the results show that the difference is 

quite close, then the verification results should be used as it is the results of the real 

measurement to the physical model.  However, if the difference is quite far, than the 

best one should be used, as the other may contain error.  
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(a)       (b) 

 

(c)       (d) 

 

(e)       (f) 

Fig. 6.1  Dispersion experiment results at: (a) Point P7, (b) Point P8, (c) Point P9, (d) 
Point P10, (e) Point P11, and (f) Point P12 
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Fig. 6.1 shows that the dispersion curves are different for such factors as: the 

maximum concentration (which happened in the initial stages of the experiments), the 

graph slopes, the shapes of the spike, and the height of each spike, etc.  

For the maximum concentration, Fig. 6.1 shows the tracer decrease from Point P7 to 

Point P12.  The maximum and average concentrations of the tracer at each sampling 

point are shown in Table 6.1. 

Table 6.1  Maximum and average tracer concentrations at each sampling point 

Sampling point Maximum conc. (ppb) Average conc. (ppb) 

P7 127.60 26.51 

P8 67.08 17.13 

P9 62.19 21.17 

P10 37.08 14.64 

P11 46.77 12.67 

P12 36.46 3.90 

 

At points P7, P8 and P9, the first spike passing the point was the highest spike or the 

maximum tracer concentration, but at points P10, P11 and P12 the highest spike was 

not the first, but the second or third spike.  This was the effect of flood and ebb tide 

occurrences.  After the tracer injection, the dye tracer plume was advected by the ebb 

tide towards the seaward boundary.  On the subsequent flood tide, the front of the 

plume was diluted by the flood tide, as the tide propagated towards the head of the 

basin.  For the second ebb tide the plume flowed again towards the seaward boundary.  

This mixing of the tracer plume front by the flood and ebb tides caused the dilution of 

the front zone, so the tracer plume front did not necessarily represent the maximum 

concentration of the dye tracer.  This process does not happen in such one-direction 

flow channel as rivers.  

The other observation from Table 6.1 was that the maximum tracer concentration at a 

point was logically higher than the maximum concentration at another point,located 
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(a)                                                                        (b) 

 

 
(c)                                                                         (d) 
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CHAPTER 7 

STUDIES IN THE GROUNDWATER MODEL 
 

The Severn estuary physical model incorporates a sandbox which represents a 

groundwater environment, enabling investigations to be undertaken on surface water-

groundwater interactions, both for the hydrodynamic and dispersion processes.  The 

hydrodynamics of surface water (in this case the estuary) affects the surrounding 

groundwater, and vice versa. 

Unlike the hydrodynamic study in the estuarine physical model, which consisted of 

water level and velocity measurements, the hydrodynamic study for the groundwater 

only consisted of water level measurements, since the size of the ADV did not allow 

velocity measurements to be performed in the small groundwater boreholes.  

However, for the dispersion experiments, it was possible to perform dye tracer 

measurement using fluorometers, since the fluorometer probes could be inserted inside 

the boreholes.   

In order to analyze the results, the scaling factors for the estuary physical model were 

also applied for the groundwater study.   

As it has been described in Chapter 4, the purpose of the experiments in the 

groundwater model is to simulate dispersion in groundwater.  However a set of water 

level study were carried out to establish hydrodynamic characteristics of the 

groundwater and the effects of tide and pumping on groundwater level.  A calibration 

steps need to be done first to enable water level readings.   

Therefore, the experiments in the groundwater consist of:  

1. Calibration of water level, in order to enable the reading of water level from the 

conductivity data of the water level probes 

2. Effect of tide  
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3. Combined effect of tide and pump 

4. Dispersion study with open-open boundary scenario 

5. Dispersion study with close-open boundary scenario 

7.1 Hydrodynamic experiments 

7.1.1 Calibration of water level probes 

Because there were only three water level probes available, the probes were used in 

turn to carry out the measurements at 7 points, with 3 points measured in a time.  The 

measurements were therefore carried out in three groups, as follow: 

1) Group ACD, including points A, C, and D 

2) Group ABE, including points A, B, and E 

3) Group AFG, including points A, F, and G 

Point A was measured at each time as the reference to control the consistency of each 

measurement, and was also taken as the datum for the measurements.   

Fig. 7.1 shows the layout of the sandbox and the position of the sampling points. 

 

Fig. 7.1 Sandbox and the position of the sampling points 

F E D

D 

C B

D 
G (estuary) 
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As for the experiments in the estuarine physical model, the water level measurements 

in the sandbox were preceded by calibration of the water level probes, in order that the 

read data could be converted to actual water level data.  In this case the calibrations 

were done by setting several weir levels, and then measuring the actual water level for 

each weir level. This resulted in several points relating the read data and actual water 

level data, from which the calibration equations could be developed.  

The weir setting consisted of minimum and maximum water weir levels, which can be 

seen in Table 7.1. 

Table 7.1 Weir settings for the water level calibration 

Weir setting 

no. 

Minimum 

weir level 

(mm) 

Maximum 

weir level 

(mm) 1 40 100 

2 50 100 

3 60 100 

4 70 100 

The tide was set off, so the weir stayed in the minimum level during the running 

period.For each setting, measurements were taken after the water level stabilized, 

which took about 20 minutes.  Once this has been completed, the weir was changed to 

the next setting. 

7.1.1.1 Water level calibration for group ACD 

The water level calibration was firstly carried out for group ACD, with measured 

results being given in Table 7.2. 
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Table 7.2 The average readdata of ACD and the corresponding depth of point A 

 

 

Weir 

setting 

Probe-1 (D) Probe-2 (C) Probe-3 (A) Water 

level at 

point A 

(mm) 

Read 

data 

Water 

level 

(mm) 

Read 

data 

Water 

level 

(mm) 

Read 

data 

Water 

level 

(mm) 

40-100 -131.58 65.6 -144.68 65.6 -57.84 65.6 65.6 

50-100 -115.44 74.5 -134.16 74.5 -45.49 74.5 74.5 

60-100 -99.18 84.6 -123.06 84.6 -32.32 84.6 84.6 

70-100 -87.86 94.5 -114.01 94.5 -19.098 94.5 94.5 

 

Graphs were then produced to show the relationship between the read data and the 

water level data, with the calibration equations then being established.  From the 

regression analysis of the graphs, the calibration equation for each point was made  

and they are shown in Table 7.3. 

Table 7.3 Calibration equations for group ACD 

Probe (borehole) Calibration equation 

Probe-1 (D) y = 0.6516x + 150.51 

Probe-2 (C) y = 0.9368x + 200.63 

Probe-3 (A) y = 0.7482x + 108.74 

The calibration equations in Table 7.3 were then used to convert all of the read data 

into the water level data, and the results are plotted in Fig. 7.1. 
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Fig. 7.2 Calibration graph of group ACD 

From Fig. 7.1 it can be seen that the water level in the sandbox increases consistently 

with the changes in the weir setting.  The figure also shows that there was a lag time 

for each borehole before the water level was stable, and this lag time depended on the 

distance between the borehole and the estuary.  In Fig. 7.1 the shortest time lag was at 

borehole A, succeeded by C, and finally borehole D.  This result is consistent with the 

distance between each borehole and the estuary, i.e. the further the distance between 

the borehole and the estuary, then the longer the lag time.  Furthermore, the average 

water level in this group could also be obtained, as shown in Table 7.4. 

Table 7.4  Average water level of group ACD in the calibration step 

Weir setting 
Average water level (mm) 

Probe-1 (D) Probe-2 (C) Probe-3 (A) 

40-100 60.400 61.605 64.294 

50-100 73.300 73.913 74.641 

60-100 84.038 84.201 84.836 

70-100 92.117 93.009 94.314 
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Table 7.4, as well as Fig. 7.1, shows that the average water levels at A, C, and D for 

the same period (setting) were virtually identical.  This showed that the water was 

stable throughout the sandbox.  However, the average water level at Point A for all 

cases was higher than at Point C and D, as explained above with regard to the larger 

time lag at Points C and D, resulting in lower average water levels at these two 

boreholes. 

7.1.1.2 Water level calibration for group ABE 

The same procedure was undertaken for group ABE.  The water level at the weir was 

set to the same program as listed in Table 7.1.  The physical model was run in that 

setting and then the actual water levels were measured after the water level had 

stabilized.  Table 7.5 shows the relationship between the read data and the actual 

water level data, and Fig. 7.2 shows the resulting graphs. 

Table 7.5  The average read data of ABE and the corresponding depth of point A 

Weir 

setting 

Probe-1 (E) Probe-2 (B) Probe-3 (A) Water 

level at 

point A 

(mm) 

Read 

data 

Water 

level 

(mm) 

Read 

data 

Water 

level 

(mm) 

Read 

data 

Water 

level 

(mm) 

40-100 -131.863 61.5 -145.802 61.5 -56.435 61.5 61.5 

50-100 -110.137 71.3 -132.829 71.3 -43.349 71.3 71.3 

60-100 -84.727 81.9 -118.474 81.9 -28.700 81.9 81.9 

70-100 -63.049 92.3 -106.466 92.3 -14.870 92.3 92.3 

 

The relationship between the read data and the water level data was established to 

make the calibration equation, the results of which are shown in Table 7.6. 

Water level graphs were obtained after the conversion of the read data to the water 

level data was used through the calibration equations in Table 7.6, as shown in Fig. 

7.2. 
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Table 7.6 Calibration equations for group ABE 

Probe (borehole) Calibration equation 

Probe-1 (E) y = 0.4439 x + 120.01 

Probe-2 (B) y = 0.7774 x + 174.62 

Probe-3 (A) y = 0.7391 x + 103.24 

 

 

Fig. 7.3 Calibration graph of group ABE 

Fig. 7.2 shows the different lag time in the three boreholes.  Point A shows no time 

lag, Point B shows moderate lag time, and Point E shows longer lag time.  This is 

consistent with the positions of the boreholes, that is the further the borehole is located 

away from the estuary then the longer the lag time.    

The average water level for group ABE is shown in Table 7.7. 

Fig. 7.2 and Table 7.7 show that the water level in boreholes A, F, and G are identical, 

indicating that the water level in the sandbox is stable.  However differences can also 

be seen in that the average water level for Point A is higher than the corresponding 

level for the other points, as the time lag at this point is the smallest, resulting in the 

bigger average water level at this point. 
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Table 7.7 Average water level of group ABE in the calibration step 

Weir 

setting 

Average water level (mm) 

Probe-1 (E) Probe-2 (B) Probe-3 (A) 

40-100 56.094 58.630 61.508 

50-100 67.953 69.542 70.678 

60-100 79.292 81.339 81.958 

70-100 89.772 90.660 91.551 

 

7.1.1.3 Water level calibration for group AFG 

The last group for the calibration is group AFG. The same procedure was applied, 

resulting in Table 7.8 and Fig. 7.3 for the establishment of calibration equations.   

Table 7.8 The reading data of AFG and the corresponding depth of point A 

Setting 

Probe-1 (F) Probe-2 (G) Probe-3 (A) Water 

level at 

point A 

(mm) 

Read 

data 

Water 

level 

(mm) 

Read 

data 

Water 

level 

(mm) 

Read 

data 

Water 

level 

(mm) 

40-100 -114.028 62.5 0.79617 62.5 -52.517 62.5 62.5 

50-100 -93.819 72.3 16.682 72.3 -39.201 72.3 72.3 

60-100 -71.387 82.4 33.789 82.4 -24.277 82.4 82.4 

70-100 -53.822 92.4 49.215 92.4 -9.408 92.4 92.4 

 

From the regression analysis, the calibration equation for each point can be established 

as shown in Table 7.9. 
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Table 7.9 Calibration equations for group AFG 

Probe (borehole) Calibration equation 

Probe-1 (F) y = 0.4905x + 118.24 

Probe-2 (G) y = 0.6145x + 61.964 

Probe-3 (A) y = 0.6915x + 99.078 

The water level graphs can be drawn as shown in Fig. 7.3. 

 

Fig. 7.4 Water level measurement of group AFG in the calibration step 

From Fig. 7.3it can be seen that the water levels in all boreholes are identical, 

indicating the stability of the water level.  The graphs of Point A and Point G are 

identical, as both points are located at the surface water (A being in the groundwater 

entrance and G in the estuary).  Table 7.10 shows the average water level of group 

AFG. 

Table 7.10 Average water level of group AFG in the calibration step 

Weir 

setting 

Average water level (mm) 

Probe-1 (F) Probe-2 (G) Probe-3 (A) 

40-100 56.977 61.768 62.190 

50-100 66.963 71.128 71.093 
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Weir 

setting 

Average water level (mm) 

Probe-1 (F) Probe-2 (G) Probe-3 (A) 

60-100 79.205 82.365 81.985 

70-100 90.556 91.655 91.988 

 

7.1.2 The effect of tide on water level 

After the calibration and static water level measurements were completed, an 

experiment was carried out to measure the water levels for a dynamic condition.  The 

weir was set to generate full tide (consisting of flood and ebb tides) with the water 

level varying from (-70 cm to 100 cm above datum).  The first measurements were 

carried out for group ACD. 

Point A showsa significant water level variation affected by the tide.  This is because 

this point is located in the entrance tothe sandbox, resulting in no resistance to the 

water flow by the sandbox.  However, the graph shows a minimum level at 14.6 mm, 

because below this level the water level in the estuary is too low for flow to enter the 

sandbox, i.e. point A becomes dry likewise.  

Point C shows bigger fluctuation than point D, since Point C is closer to the estuary.   

As was undertaken for group ACD, the hydrodynamics within the sandbox as a result 

of the effect of the tide was examined for group ABE.  The fluctuations in the water 

levels in borehole E can be seen to show little variation which confirm that the 

estuarine hydrodynamic is very small at this distance from the estuary.  Point B has 

much bigger fluctuation as affected by the tide, because its location is much nearer to 

the estuarine model. 

The water level fluctuations as affected by the tide were also examined for group 

AFG, where G is located in the estuarine physical model.  At point G the tide was 

complete (unlike Point A), since this point was located in the estuary, in comparison 
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with Point A which was located at the sandbox entrance.  Point F shows small 

fluctuations, as this point was the farthest away from the estuary.   

All the measurement results discussed above were undertaken separately for the three 

groups ACD, ABE, and AFG.  In order to compare all of the results, all of the 

measurements needed to be combined so that the effect of the tide on the water levels 

could be evaluated.  Fig. 7.4 shows the combined water level measurement results for 

all of the points, i.e. points A-G.  The stepping (unsmooth) graphs were due to the 

frequency of the reading and not due to the tide.  The frequency of the reading was 1/5 

second, meaning that every second the WL probes read 5 data which was the same, 

and then when it shifted to the next second the data changed, and therefore there was a 

jump in the data resulting stepping graphs.  This has nothing to do with the water level 

change, where actually the water changed smoothly.  

 

Fig. 7.5  Water level variations for the points (A to G) 

In general, water level fluctuations were identified for all of the boreholes, with the 

one closer to the estuary having the biggest variation.  However, from Fig. 7.4 it can 

be seen that point A shows some inconsistency among the groups ACD, ABE, and 

AFG, in particular at the lower water level, about 12 mm.  This inconsistency was 

probably caused by a slight instability in the physical model when the tide was 

included.  To compare all of the graphs, it was decided to normalize the water levels, 
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Fig. 7.7 Normalised tidal range for each borehole 

From Fig. 7.6 it can be seen that the tidal range decreases from point B to point F.  

However, point F shows an increase from point E.  This may be caused by the water 

accumulating at borehole F, since this is the borehole farthest away from the estuary 

and at this point the water is assumed to reflect back toward the estuary. The water 

need time to flow back from Point F, and hence the water level there was an 

accumulation between the water which was reflected from the upper boundary with 

the water flowing from the estuary.  This was the reason of the larger tide range than 

point E.  

From Fig. 7.6 it can also be seen that there is a phase shift in the fluctuations, which 

means that the maximum water level in each borehole does not occur at the same time.  

This is related to the time needed by the water to travel through the sandbox.  The 

phase shift can be calculated, and it is shown in Fig. 7.7, relative to Point G.  
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Fig. 7.8  Phase shift at each borehole relative to Point G 

According to Fig. 7.7, the phase shift is consistently increasing from point B (11.8 s) 

to point F (35.2 s). 

7.1.3 The effect of tide and pump on water level 

So far the water levels conditions in the borehole have been shown to be affected by 

the tide.  This tide constitutes the lower boundary condition of the groundwater.  It is 

also of interest to study the effect of the upper boundary.  The hydrodynamics of flow 

in the groundwater, connecting with the surface water (i.e. the estuary) is affected by 

both boundaries, which can be regarded as the upper and lower boundaries.  For this 

purpose a pump was located near the upper boundary, with the average discharge 

being 2.85 x 106 m3/s (obtained by measuring the volume of water discharged in a 

determined time interval).  This pump was in inflow pump, which flowed the water 

into the borehole F.  

In order to investigate the effect of both boundary conditions on the flow, a series of 

experiments were undertaken for three different conditions: 

1) The pump was operated, the weir was set at a constant level (pump on, tide off), 

where the pump is operated in the average discharge and the weir is set constant 

at (40, 100). 

0

5

10

15

20

25

30

35

40

Weir B C D E F

Ph
as

e 
sh

ift
 (s

)

Point



182 
 

2) The pump was operated, the weir was set for a tide at [-70, 100], with the pump 

and tide both being on. 

3) The pump was not operated, the weir was set for a tide at [-70,100], with the 

pump being switched off and the tide on 

This series of experiments included boreholes C, E, and F as the sampling points for 

water level measurements. The experiments were preceded by the calibration 

procedure as undertaken previously with the measured data being used to refined the 

tidal boundary condition.  In this experiment, the weir was taken as the reference level 

instead of Point A.  Table 7.11 shows the water level measurement results used to 

develop the calibration equations, with the regression results being shown in Fig. 7.12. 

Table 7.11  The average readdata of CFE and the corresponding depth of the weir 

Setting 

Probe-1 (C)  Probe-2 (F) Probe-3 (E) Water 

level at 

point A 

(mm) 

Read 

data 

Water 

level 

(mm) 

Read 

data 

Water 

level 

(mm) 

Read 

data 

Water 

level 

(mm) 

40-100 -142.726 39.959 -151.371 39.959 -93.217 39.959 39.959 

50-100 -132.704 50.000 -144.756 50.000 -84.844 50.000 50.000 

60-100 -121.651 60.005 -136.948 60.005 -75.065 60.005 60.005 

70-100 -108.521 69.958 -129.572 69.958 -65.838 69.958 69.958 

 

The calibration equations resulting from the graphs shown in Fig. 7.12 are given in 

Table 7.12. 

Table 7.12 Calibration equations for group CFE 

Probe (borehole) Calibration equation 

Probe-1 (C) y = 0.8763x + 165.74 

Probe-2 (F) y = 1.3645x + 246.92 

Probe-3 (E) y = 1.0869x + 141.65 
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The water level graphs as shown in Fig. 7.8 were then reproduced using the read data 

and the calibration equations given in Table 7.12.  

 

Fig. 7.9  Water level measurement of group CFE in the calibration step 

7.1.3.1 Water level measurements for the first condition (pump on, tide constant 40-

100)  

For the first condition, i.e. with the pump on and the tide constant at (40,100), the 

measured water levels at Points C, F, and E can be seen in Fig. 7.9. 

From Fig. 7.9 it can be seen that the water levels were constant because both the pump 

and weir were set to constant values.  Point C shows a very low water level, which is 

at about 56.1 mm, while the water levels at points E and F are similar to one another, 

that is at 80.6 and 85.5 mm, respectively. 

7.1.3.2 Water level measurements for the second condition (pump on, tide on) 

For this condition, the tide was turned on and set for a flood condition, that is (-70, 

100).  This meant that there was another input beside the pump, i.e the tidal variations 

in the water level.  The measurement results can be seen in Fig. 7.10 with the average 

water level at boreholes C, E and F being 47.3, 79.0, and 72.5 mm, respectively. 
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Fig. 7.10 Water level measurementsfor group CFE for the first condition, i.e. pump on 
and tide constant 

 

Fig. 7.11  Water level measurement for group CFE for the second setting, i.e. with the 
tide on and the pump on 
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7.1.3.3 Water level measurements for the third condition (pump off, tide on) 

For the third condition the pump was turned off, while the weir was kept on and set 

again for a flood condition (-70,100).  This meant that only the tide affected the water 

levels. For this case the results could be compared to the other two conditions to 

determine the impact of the tide. The result is shown in Fig. 7.10.  The average water 

levels for C, E and F are 27.4, 27.0, and 25.9 mm, respectively.  This clearly shows 

that without pumping, the water level in the sandbox decreased. 

 

Fig. 7.12 Water level measurement for group CFE for the third condition (tide on, 
pump off) 

Table 7.13shows the overall average water level values in boreholes C, F, and E,for 

the three conditions. 

Table 7.13 Average water level for the three conditions 

Condition Probe-1 (C) Probe-2 (F) Probe-3 (E) 

Pump on, tide constant 56.1 85.5 80.6 

Pump on, tide on 47.3 79.0 72.5 

Pump off, tide on 26.7 25.6 22.6 

From Table 7.13, it can be seen that the highest average water level was achieved in 

the first condition, i.e. with the pump off and the tide off, followed by the second 
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                 (a)          (b) 

Fig. 7.13 Two types of boundary conditions used with the dispersion model: (a) Open-
open vessel, (b) close-open vessel 

Source: Levenspiel (1998) 

The experiments were carried out for the condition where the pump and tide were both 

set on.  The water level was measured at Points B, F, and D, as shown in Fig. 7.13. 

 

Fig. 7.14 Water levels for the dispersion experiments 
 

7.2.1 Dispersion experiment with the open-open boundary condition 

In the first type, the boundary condition were open.  This meant that there was no 

change in the flow of water.  
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Dye tracer with a concentration of 20 ppmwas injected at Point F, and then its 

concentration was monitored at Point C and E.  The results of the monitoring are 

shown in Fig. 7.14. 

 

Fig. 7.15 Dye tracer measurement results at Points C and E at the open boundary 

Fig. 7.14 shows that the dye concentration is different between point E and C.For 

Point E, the graphicalresults show that the peak is 254.4 ppb, while at Point C the 

results show a phase lag and a peak of 60.62 ppb.  

As it has been described in Chapter 3, the study of dispersion, particularly in terms of 

determiningthe dispersion coefficient, requires that the dispersion curve be 

normalized, so that it can be compared to the standard curve.   

The standard curve is based on the following equation: 

   (7.1) 

The dispersion curves were normalized using the available experimental data, and the 

results are shown in Fig. 7.15 and Fig. 7.16 for Points E and C, respectively.  
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