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Abstract

A study has been undertaken to investigate and improve the representation and
modelling of a range of various hydrodynamic, biochemical and sediment transport

processes relating to the transport of enteric bacteria organisms in estuarine waters.

In this study a relatively simple turbulence model was first further investigated to
predict the complex three-dimensional flow structure in a flume with vegetation. The
main purpose of this part of the study was to try and acquire accurate velocity profiles
of complex flows without the need for a more advanced two-equation turbulence
model, requiring values for a number of unknown coefficients and extra computing
cost. The results showed that the simple two layer mixing length model was capable
of giving more accurate complex velocity profile predictions, with the advantage of

requiring limited coefficient data.

Formulations developed through earlier studies for dynamic decay rates were then
refined and included in the numerical model. The model predictions were tested
against field data, with good agreement being obtained. Further refinements to the
representation of the transport of bacteria through the flow field were included in the
model by the novel addition of the interaction of bacteria with the sediments by
partitioning the total bacteria into their free-living and attached phases using a
dynamic partitioning ratio. This ratio was related to the suspended sediment
concentrations. The novel method used in this study was to include the re-suspension
and deposition of the absorbed bacteria with the sediments and this approach has been
tested against analytical solutions for steady uniform flow conditions, and published
field and experimental data. The model was then applied to the Severn Estuary. After
calibration against available data sets the model was then run for different scenarios to
investigate the effects of different hydro-environmental conditions on the bacteria

distributions in the Severn Estuary.

The model was finally used to investigate the impact of the proposed
Cardiff-Weston tidal barrage on the hydrodynamic, the sediment transport and
bacterial processes within the Severn Estuary. The results showed that the barrage
would reduce the currents, as well as significantly reducing the suspended sediment

concentrations and bacteria concentration levels in the estuary.
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Chapter 1

Introduction and Overview

1.1 Introduction

In recent years, public and professional concerns of estuarine and coastal water
quality have been growing. Pathogens in contaminated waters are often responsible
for the spread of waterborne diseases. However, their concentrations are often very
difficult to measure. Due to the difficulties of direct measurement of pathogens,
classical water quality management and modelling has focused on the levels of
indicator organisms (Chapra 1997). Faecal indicator bacteria (FIB) groups such as
total coliform, faecal coliform, E coli and enterococci are used world wide to measure
the health hazards in bathing and shellfish harvesting waters (Thomann and Mueller
1987 and Sanders et al 2005). This is due principally to the fact that they are easily
detected using simple laboratory tests, are generally not present in unpolluted waters,
and the number of indicator bacteria tends to be correlated with the extent of
contamination (Thomann and Mueller 1987). Therefore, the ability to predict faecal
indicator bacteria in estuarine and coastal waters is important for the

hydro-environmental management of such water bodies.

Faecal bacteria may enter the water column from different sources, such as waste water
treatment works discharges, surface runoff, water creature faeces, inter-tidal beaches
and bottom sediment re-suspension. Point sources can be relatively easy quantified and

its effect on the water quality of the receiving water body is therefore not too difficult to



investigate. Comparison with point sources, the effect of diffuse or non-outfall sources
are difficult to quantify, as it is distributed over large areas and it is difficult to
measure directly. Faecal indicator bacteria exist in two forms in estuarine and coastal
water, either as free living organisms in the water column or as organisms attached to
the sediments. Free-living bacteria may adsorb onto the sediments, transforming to
attached bacteria, and the attached bacteria can be desorbed from sediment becoming
free-living bacteria. Deposition of the sediments can take faecal bacteria out of the
water column and to the bed. The sediments can subsequently be re-suspended to the
water column, which can then lead to re-suspension of the faecal bacteria of the
attached forms back into the water column. Therefore, the fate and transport of faecal
bacteria are highly related to the governing sediment transport processes, particularly
where sediment transport processes are significant. The fate and transport processes
for bacteria are very complex, and include the processes of advection,
dispersion/diffusion, deposition/re-suspension, adsorption/desorption and decay. Each
process is affected by different environmental and natural conditions. Advection and
dispersion are determined mainly by flow conditions. Deposition and re-suspension
are controlled by sediment transport. The bacteria decay rates are influenced by many
environmental factors, such as light intensity, temperature, salinity, turbidity levels
and pH value etc. Many studies have shown that light intensity is one of the dominant
factors determining the rate of the mortality of coliform bacteria (Gameson and Saxon
1967, Gameson and Gould 1975, Bellair et al 1977). In these studies, much higher
decay rates were observed under high light intensity conditions in comparison with
dark conditions. Suspended sediments contribute to the removal of faecal bacteria
from the water column in different ways. Attached faecal bacteria are removed by the

sediments settling from the water column under low energy flow conditions, and also



changes in the suspended sediment concentration can affect the light penetration rate

in water column, which will further affect the decay rate of faecal bacteria.

Numerical hydro-environmental models have been proven to be effective tools to
predict the flow field in 1-D, 2-D and 3-D and the corresponding water quality
indicator and sediment transport levels in estuarine and coastal waters. In general,
numerical modelling of faecal indicator bacteria is a very complex process, which can
be sub-divided into three parts: hydrodynamic modelling, solute transport modelling
and biological process modelling. Hydrodynamic modelling is used to study the flow
field and provide an accurate level of prediction for velocity and the turbulent
diffusion and dispersion mixing processes. Solute transport modelling is used to
predict the advection, dispersion /diffusion and the bio-chemical processes for a tracer
or solute by using the flow field data from the hydrodynamic modeling. Biological
process is used to provide the source/sink terms for indicator bacteria in the solute
transport model, with the terms including the kinetic processes of bacteria, which

includes both the decay process and physical losses.

In previously studies numerical models for predicting bacterial contamination
generally treated bacteria as free-living in  present studies, the
deposition/re-suspension and adsorption/desorption processes were not included and
little attempt has been made to model such processes in terms of predicting the impact
of the sediment fluxes on bacteria levels. There is a current lack of sophisticated

numerical models which are capable to simulate the sediment effects on bacteria.

1.2 Objectives of Thesis



This research project aims to develop an effective numerical model to simulate fate
and transport of faecal bacteria focusing on sediment effects on bacteria using a
dynamic partition ratio and a dynamic decay rate modelling. Numerical models have
been refined for predicting hydrodynamic, sediment transport and bacterial processes
in free surface unsteady flow. The main objectives and achievements of this study are

summarised as follows:

(1) Development of a simple turbulence model to investigate vegetation effects on
average velocity distribution

The effects of vegetation on the flow structure have been explored in this study. An
existing three-dimensional layer integrated numerical model was refined to include
the effects of drag force induced by vegetation on the flow structure in a flume. Most
similar previous studies have used the k—¢ turbulence model or other two equation
type turbulence models. However, extra computing time is needed due to two extra
partial differential equations need to be solved, as well as the additional empirical
coefficients in these equations included which have not been evaluated for such flow
conditions. In this study a simple zero equation mixing length turbulence model was
used and tested before inclusion in the numerical model application. The model was
applied to model an experiment flume, where experiment data are available. The

comparison of experiment and modelling result is encouraging.

(2) Dynamic modelling of faecal bacteria decay rate
Decay rates for faecal indicator bacteria organisms are highly dynamic, with these
variations affected by many environmental factors, such as light intensity,

temperature, salinity, turbidity levels and pH value etc. In general decay rates have



previously been modelled as a constant in widely used models over the modelling
period. In this study the decay rate in a model of the Severn Estuary has been
determined from empirical equations, in which the decay rate is related to turbidity

level and light intensity.

(3) Numerical modelling of the effects of sediments, including the processes of
adsorption and desorption, on the fate and transport of bacteria levels in the
surface water

Little attempt has been made previously to model such processes in terms of
predicting the impact of the sediment fluxes on the faecal bacteria levels. Details are
given of the development of two-dimensional and three-dimensional numerical
models of bacterial transport, where the sediment transport processes are included and

may be significant.

(4) Development of analytical solution for sediment-bacteria interaction

In this study, analytical solutions for sediment-bacteria interaction have been
developed. The advective-diffusion equation was simplified for steady and uniform
flow conditions and then solved to obtain analytical solutions for deposition,
re-suspension and vertical distributions. All of these solutions have been used to test
either the newly developed two-dimensional or three-dimensional sediment-bacteria
interaction model. These solutions can be used as primary test by other researchers

doing sediment related water quality modelling.

(5) Testing of sediment-bacteria model

Prior to applying any improved process predictions in a numerical model, it must be



tested against known results to ensure that the model is reasonably accurate. These
known results can be analytical solutions, experiment results or, ideally, field data. In
this study, the tests have been conducted by using both analytical formulations and
published experimental results. The analytical solutions, which are self derived, have

been mentioned above and will be detailed in Chapter 6.

(6) Numerical model application to idealised cases

After the newly improved model was tested against analytical solutions and published
experimental results, the model was then applied to idealised test cases to evaluate the
effect of different environmental factors on bacteria fate and transport. Idealised test
cases were set up to study the effect of sediment settling of removing bacteria from
the water column and the subsequent re-suspension of bacteria from the bed, as well

as the vertical bacteria concentration distribution under equilibrium conditions.

(7) Numerical model application to real estuary

The sediment-bacteria interaction model was then applied to predict the fate and
transport of bacteria in the Severn Estuary, UK. The Severn Estuary has the second
highest tidal range in the world with spring tidal ranges of 14m and also it is well
known for its significant suspended sediment levels. For this application the model
was firstly calibrated against available data set and then the model was run for
different scenarios to investigate the effects of different hydro-environmental

conditions on the bacteria distributions in the Severn Estuary.

(8) Refinement of numerical model to investigate influence of a tidal barrage on

bacterial levels



Tidal energy provides great potential for renewable energy to satisfy current energy
demand and reduce greenhouse gases. Various methods of capturing tidal energy are
being exploited for the Severn Estuary including: a tidal barrage, a tidal impoundment
and tidal stream turbines. These proposed schemes will all impact on hydrodynamic
parameters to varying degrees, which, in turn will affect the sediment transport and
water quality indicator levels and distributions. In this study the refined numerical
models have been further refined to investigate the impact of the tidal barrage on the
hydro-environmental characteristics of the Bristol Channel and the Severn Estuary,

with the numerical model refinements being generic and applicable to other sites.

1.3 Outline of Thesis

The detail of this thesis is summarised as follow. Chapter 1 introduces the background
to water quality modelling and the objectives of this study. Chapter 2 reviews current
developments in hydrodynamic, sediment transport and bacterial modelling. Chapter 3
outlines the hydrodynamic and solute transport governing equations, and discusses the
different terms of these equations. Chapter 4 presents the development of both the
two-dimensional and three-dimensional conceptual sediment-bacteria interaction
models. In Chapter 5 the numerical methods adopted in this study are described and in
Chapter 6 the model test cases and the idealised model applications are discussed. In
Chapter 7 the models developed have been applied to the Bristol Channel and Severn
Estuary, where extensive field data exist. Chapter 8 draws conclusions from the

developments and recommends studies for further research.



Chapter 2

Literature Review

2.1 Hydrodynamic Modelling

Prior to modelling the sediment transport processes and the fate of faecal indicator
bacteria levels in estuarine and coastal waters, the hydrodynamic features of the flow
fields, such as water elevations and velocity components must be predicted. This is
undertaken through the hydrodynamic model being used to solve the governing

hydrodynamic equations.

The Navier-Stokes equations govern unsteady turbulent flow in coastal and estuarine
waters, with the numerical procedures used to solve these equations being called
direct numerical simulation (DNS). However, the storage capacity and speed of
present day computers is still not sufficient to allow a solution for any practically
relevant turbulent flow (Rodi 2000, Tannehill et al 1997). Presently, the Navier-Stokes
equations are averaged over time and these time-averaged equations are referred to as
Reynolds averaged Navier-Stokes equations (RANS), which were first proposed by
Osborne Reynolds. This time-averaging process introduces new terms, known as the
Reynolds stress or apparent stress terms into the equations, which require turbulent
models to close the system of equations. Details about the various turbulence models
and their application in hydraulics can be found in Rodi (2000). According to the
number of transport equations used for the turbulence quantities to evaluate the eddy

viscosity, a turbulence model can be classified in to three categories: zero-equation



models, which specify both the length and velocity scales using algebraic relation;
one-equation models, which use an additional partial differential equation for the
velocity scale and specify the length scale algebraically; and two-equation models,
which use one partial differential equation for the velocity scale and one for the
length scale. Among these models, the zero-equation models (such as the mixing
length model) and the two-equation models (such as the k — &) are most widely used

(Sotiropoulos 2005 , Rodi 2000).

In modelling estuarine and coastal waters normally hydrostatic pressure can be
assumed, which means the pressure is balanced by the gravity (Blumberg and Mellor
1987). Therefore, the vertical advection must be much smaller than the pressure
gradient and gravitational acceleration (Lin and Falconer 1997b). This can
considerably simplify the equations and numerical solutions (Vreugdenhil 1994).
Applying the kinematic boundary condition on the free surface, the hydrodynamic
equations can be further simplified by integrating over the water column. The
resulting depth-integrated equations are called the shallow water equations (SWEs),
which are broadly used to describe the estuarine and coastal waters (Liang et al 2006).
Hydrodynamic models can be divided into: one-dimensional, two-dimensional and
three-dimensional models. Normally for river modelling one-dimensional models are
used. Depth integrated two-dimensional models are generally used for estuarine and
nearshore coastal waters and two-dimensional laterally averaged models are generally
used for narrow deep water bodies. For deep and large water bodies where the vertical

scales can not be neglected then a three-dimensional model should be used.

In hydrodynamic modelling, the theory is now generally undisputed and the quality of



the numerical solution is the more critical aspect (Falconer et al 2001). Therefore
research efforts on numerical schemes and their performances have developed
significantly in recent years, such as the TVD-MacCormack scheme developed by

Liang et al (2006, 2007) to simulate rapid varying flooding flows.

2.2 Sediment Transport Modelling

Sediment transport in estuarine and coastal water bodies is governed by the sediment
particle properties, settling velocity and the hydrodynamic properties of the flow (i.e.
velocity or flow field). Suspended sediments in the water column are transported
with the flow and will tend to settle out onto the bed due to gravity. The bottom
sediments may also be entrained and suspended due to increased levels of turbulence
and increased bed shear stresses. In recent years there has been a growing interest in
the need to predict sediment transport fluxes in estuarine waters more accurately, there
has also been an increased interest directed towards how water pollutants and bacteria
interact with solid matter, such as inorganic sediments (Chapra 1997). The high
adsorption ability of fine suspended matter in the water column, towards chemical
constituents and bacteria, enable fine sediments to act as a means of carrying, or
transporting contaminants along the flow field, and with consequential implications
for related water quality problems (Mehta et al 1989). Sediment is generally classified
as being either cohesive or non-cohesive in nature. In generally, sediment is described
as being cohesive if the particle diameter is less than about 0.063mm, with the
particles having cohesive properties due to electronic forces compared with gravity

forces acting between the particles (van Rijn 1993).

2.2.1 Settling Velocity

10



The settling velocity of a single sphere sediment particle can be derived by balancing
the gravity and drag force (van Rijn 1993, Chien and Wan 1999):

1 1 1
S Copws’ -Zﬂdf =<~ p)gd,’ @2.1)

w, = ’M (2.2)
3C,

where C, = drag coefficient, d, = sphere diameter, p=water density, s, = specific

This gives:

gravity.

There are different formulae for evaluating the settling velocity for natural sediments,

in which the formula of Van Rijn (1993) is now still widely used, given as follows:

(Sp_l)gl)sz
18v

0.01(s —DeD?

10v [(1+ ( P 5 )g s

s

(1< D, <100um)

)5 —1] (100 < D, <1000um)  (2.3)

11[(s, ~1)D,1** (D, >1000um)

y

where D, = characteristic particle size, v= kinematic viscosity coefficient.

The fall velocity is strongly reduced when the sediment concentrations are larger than
10,000mg/1 (Van Rijn 1993), which is called hindered settling. These effects are
incorporated in the following relationship for the settling velocity (Van Rijn 1993,

Tetra Tech 2002):

w,=w,,(l -2y (2.4)

s

where s = suspended sediment concentration, p, =sediment density, n = a coefficient
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for normal flow condition is about 4 (Van Rijn 1993).

For cohesive sediment, due to the flocculation processes the individual cohesive
particles aggregate to form larger size flocs which increases settling velocity of
individual particles (Mehta et al 1989). The settling velocity of individual flocs can

be obtained from equation (2.2) by using floc diameter D, to replace the sphere

diameter, based on the balancing of the gravity and drag forces for a single floc

(Winterwerp and Van Kesteren 2004).

The settling velocities of cohesive sediment are affected by sediment concentrations
(Mehta 1993) and generally fall within the following three ranges:

6) Free settling (s <5, =0.1-03g/1])

(s,~DgD,”
Ws = —"p—'l8v—f (25)

(i1) Flocculation settling (s, <s<s,=0.3-10g//)

4

w, = k53 (2.6)
where £, is an empirical coefficient.
(iii)  Hindered settling (s >10g//)
w, =w,[1-k,(s —5,)]** (2.7

where w,,is the settling velocity at the concentration s,, and %, is the inverse of

the concentration at which settling velocity is zero. These formulae have been adopted

by Wu and Falconer (1998, 2000).

2.2.2 Deposition and Re-suspension of Cohesive Sediment

12



Cohesive sediments, also known as mud, in surface waters are typically composed of
clay and non-clay minerals in the clay and silt size ranges, organic matters and small
quantities of very fine sand (Mehta et al 1989). Cohesive sediment resistance to
erosion depends on cohesive bounding forces between particles. Once the bed shear
stress is lower than a critical value for deposition, then sediment settlement is
dominant. If the bed shear stress is greater than critical erosion shear stress then
erosion occurs. Both the critical shear stress for deposition and erosion depend on the
bed characteristics. There is no current analytical theory available to determine these

values and they are primarily determined from field experiment.

The exchange of cohesive sediment between water column and bed is controlled by
the near bed flow conditions and the bed properties. Net deposition to the bed occurs
when the flow-induced bed shear stress is less than the critical bed shear stress of
deposition. The most widely used expression for the depositional flux is as following

(Winterwerp and Van Kesteren 2004) which is originally proposed by Krone (1962):

w.s I:l ——Tle T, <7T
D= s¥b r b — “cd
od (2.8)

0 T,>7,,

where 7, is the flow induced bed shear stress, 7

c

4 1s the critical shear stress for

deposition and s, is the near bed sediment concentration. The critical deposition bed

shear stress is generally determined from laboratory or field experiments and the
values are ranging from 0.06 to 0.11 N/m®* (HydroQual 2002) and 0.05 to 0.1

N /m* (Winterwerp and Van Kesteren 2004). In the absence of site specific data, it

can generally be treated as a calibration parameter (HydroQual 2002, Tetra Tech
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2002).

When the bed shear stress is higher than the critical erosion shear stress, sediment will
be re-suspended into the water column. The most widely used expression for the
re-suspension flux is as following which was originally proposed by Partheniades
(1963) and generalised in Winterwerp and Van Kesteren (2004):

T, —7. (2,1 A
M [——b el )] T,>7T,,
E= ’

7.,(2,1)

0 T, 5T

2.9)

c.e

wherez, is the flow induced bed shear stress, z,, is the critical shear stress for
erosion, typical values are 0.1 to 5N/m®> and M is the erosion parameter which
should vary with time and depth but in generally take as a constant. Typical values are

0.00001 10 0.0005kg/m*/s. The exponent 7, is generally unity.

Equation (2.9) is generally more appropriate for well consolidated, homogeneous beds,

in which case 7., and M are more or less constant through the bed. For the bed

with strong gradient in strength, an alternative formula was proposed by Mehta and

Partheniades (1979) (see Winterwerp and Van Kesteren 2004):

E 57 (@) >
€X - T T
E = f p nl z_c‘e (Z) b c,e

0 7, <7

c,e

(2.10)

where E is the floc erosion rate (0.000003 to 0.005 kg / m’/s), n_ (generally 5.0

to 15.0)and n, (generally 0.5 to 1.0) are material dependent parameters.
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2.2.3 Deposition and re-suspension of non-cohesive sediment

Non-cohesive sediment resistance to erosion depends on the particle size, shape and
density. Total load of sediment transport is subdivided into two different modes of
transport: bed load and suspended load (Falconer and Chen 1996). The bed load is
defined as that part of the total load where the sediment is almost continuously in
contact with the bed, being carried by rolling, sliding or hopping, whereas the
suspended load is that part of the total load which is maintained in suspension for

considerable periods of time by the turbulence of the flow (van Rijn 1993).

The motion of non-cohesive sediment from the bed begins when the bed shear

stressz, exceeds a critical shear stress referred to as critical Shields’ stressz,,. The

widely used Shields’ curve can be expressed using a dimensionless mobility

2
U

parameter 0=———— and a  dimensionless  particle  parameter
(S p 1)gds

2

1
s —Dg |3
D, = [(—’)——)—g} d, as the following form (Bonnefille 1963 , Yalin 1972) (see Van

A%
Rijn 1993):
(0.24(D.)" D.<4
0.14(D.)""  4<D,<10
6, =1004(D.)"  10<D, <20 @.11)

0.013(D.)"  20< D, <150
0.055 D. 2150

When the bed shear velocity wu,(u, = \/T—_”— ) is less than the critical shear velocity
p

15



fr, . .
U, (U, = ; =./(s ,—1)gd.0,, ), no erosion or re-suspension takes place and there

is no bed load. Sediment in suspension in this condition will deposit to the bed. Once

the bed shear velocity u, exceeds the critical shear velocity u, , but remains less

than the settling velocity w, , sediment will be eroded from the bed and transported as

bed load. Sediment in suspension under this condition will also deposit to the bed.
When the bed shear velocity exceeds both the critical shear velocity and settling

velocity, sediment will be transported as suspended load (van Rijn 1984a, b, 1993).

Many researchers have proposed mechanisms and formulae to calculate bed load and
suspended load, such as Yalin (1972), Engelund and Hansen (1967), Einstein (1942)
and van Rijn (1984a, b, 1993). In this study, the van Rijn formulae have been adopted

in both two-dimensional and three-dimensional model.

2.3 Modelling Fate of Faecal Bacteria and Transport Processes in Surface Waters
2.3.1 Sources of Faecal Indicator Bacteria

Yang (2005) undertook a detailed literature review of enteric bacteria resources and
summarised the potential faecal indicator bacteria sources as follows: waste water
treatment works discharges, sewage overflows, surface runoff, upstream river flows,
groundwater discharge, water creature faeces, inter-tidal beaches and bottom sediment
re-suspension. Outfalls are known as point sources. This type of input can be easily
quantified and its effect on the water quality of the receiving water body is relatively
easy to investigate. Improvements to existing treatment works, such as employing
secondary and tertiary treatments processes and the construction of long sea outfalls

can significantly reduce the probability of water quality failing to comply with
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standards in force (Wyer et al 1997). The importance of non-outfall sources has been
noticed in recent years (Garcia-Armisen and Servais 2007, Yuan et al 2007). In the
UK, the implementation of the Urban Wastewater Treatment Directive (91/271/EEC)
and the Bathing Water Directive (76/160/EEC) have resulted in the removal of many
of the dominant sources of faecal indicator bacteria, which previously masked
non-outfall sources (Wyer et al 1997). Wyer et al (1997) showed that after the
construction of new outfalls the imperative compliance with the Bathing Water
Directive was still not achieved in their studies. Garcia-Armisen and Servais (2007)
investigated the input of the point and non-point sources of faecal bacteria to the
Seine river and found out that the non-point sources of faecal indicator bacteria would
be dominant in a scenario in which activated sludge treatment works were
complemented with UV treatment. In comparison with point sources, the effect of
diffuse or non-outfall sources are difficult to quantify, as it is distributed over large
areas and it is difficult to measure directly. Yuan et al (2007) integrated surface
water model with GIS based land use model to investigate the effects of non-point

sources on Bohai bay.

2.3.2 Effect of Sediment Transport on Faecal Indicator Bacteria

Faecal bacteria in estuarine and coastal waters can be considered to exist in two forms,
either as free-living bacteria or attached to (or adsorbed onto) suspended sediment
particles. Some key mechanisms act solely on one or the other of the two forms. For
example, settling acts only on the particulate fraction. They can be transported and
diffused within the flow in the free-living form, or attached to the sediments and then
transported and diffused with sediments. The attached bacteria could settle out when

the suspended particles deposit and re-suspend with the particles into the overlying
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water column when the sediment is re-suspended. In predicting bacteria
concentrations, the input bacteria can enter the water column through various means.
They can be input directly in either the attached or free living form or in the form of
re-suspension from the bed sediments. After input to the water column the two forms
of bacteria transport can exist. They can be transported and diffused with in the flow
in the free-living form, or be adsorbed on to the sediments and then be transported

with the sediments or be desorbed.

In recent years there have been many studies undertaken about how bacteria exist in
sediments and also these studies have frequently revealed higher number of indicator
and pathogenic bacteria in sediment than in overlaying waters in both marine and
fresh water systems (Hendricks 1971, Stephenson and Rychert 1982, Gary and Adams
1985, Burton et al 1987, Sherer et al 1992) [see in Jamieson et al 2004]. Gannon et
al (1983) showed that sedimentation was an important element in the over all faecal
bacteria disappearance. Suspended sediments can contribute to the disappearance of
faecal bacteria from the water column in different ways. Attached faecal bacteria are
adsorbed by the sediments from the water column under low energy flow conditions.
Sediment concentrations also affect the light penetration rate in the water column,
which further affects the decay rate of faecal bacteria. Allen et al (1987) revealed that
water quality testing criteria in use at present do not take into account sediment as a
potential reservoir of pathogens. The higher numbers of pathogenic levels occurring
in sediments creates a potential health hazard from re-suspension and subsequent
ingestion as there is increasing usage of recreational waters; therefore, There is a need
to obtain additional information on the survival of indictor and pathogenic bacteria in

sediments and the factors which contribute to their survival (Allen et al 1987).
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Jamieson et al (2005a) conducted field experiment in Swan Creek, Canada by using
tracer bacteria E. coli NAR and found appearance of the tracer bacteria in the water
column coincided with increases in total suspended solids, which indicated that the E.
coli NAR that were being re-suspended were sediment related. E. coli NAR is a kind
of E coli that is resistant to nalidixic acid ,is non-pathogenic and rarely found in the
natural environment and possesses survival characteristics similar to other E coli
(Jamieson et al 2004). Fries et al (2006) investigated the attachment of faecal
indicator bacteria to particles in the Neuse rive estuary, in eastern North Carolina,
United States and found out that an overall average of 38% bacteria associated with
particles. Stenstrom (1989) found 56-77% of enterococci attached to inorganic
particles. Characklis et al (2005) found an attachment ratio of 45% for enterococci.

[see Fries et al 2006].

Gannon et al (1983) and Auer and Niehaus (1993) showed that enteric bacteria are
typically associated with fine sediment particles (0.45-10 um ) in aquatic environments.
Grimes (1980) suggested that higher bacteria numbers occur in silty clay sediments
rather than sandy sediments as a result of the surface area or particle charge

differences; however, their results failed to show particle size effects.

Jamieson et al (2004) revealed that the decline in E coli NAR concentrations in the
bed sediment resembled first order kinetics, and the first order inactivation constant (k)
was computed for the bed sediment tracer-bacteria at three study locations being from
0.006-0.03 /h. Howell et al (1996) conducted laboratory experiments to determine the
first order inactivation constant for E. coli in bed sediments and found typical values

in the range from 0.002-0.006/h. Jamieson et al (2005a) found that typical shear
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stress for values for re-suspension of E. coli NAR Swan Creek ranged from 1.5 to 1.7
N/m2, which is comparable with literature values for the critical shear stress for

erosion of cohesive sediments.

2.3.3 Faecal Bacteria Decay Rate

In modelling bacteria concentration distributions, the decay term in the governing
advection-diffusion equation is generally defined as a first order decay function, as
given by Thomann and Mueller (1987):

dc,
dt

= —kC, (2.12)

where C, =bacteria concentration

k = bacteria decay rate ( day ).

The parameter 7, is defined as the time for 90% of the initial bacteria to die-off.

This parameter can be obtained (in hours) using the analytical solution of the above

equation and is related to the decay rate in the following form:

T, =131’c_9§x24 (2.13)

This decay rate is influenced by many environmental factors, such as, sunlight

intensity, temperature, salinity, sediment concentrations etc.

2.3.3.1 Irradiance

Gameson and Saxon (1967) showed that sunlight is one of the dominant parameters in
determining coliform bacteria decay rates. Samples kept in the dark and others
exposed to sunlight were immersed at depths down to 4m below the sea surface. The
coliform die-off rate was found to be considerably greater for the samples exposed to

sunlight. Further experiments were then conducted by Gameson and Gould (1975),
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where they reported that the 7, value could be as short as 20 minutes in sunshine
summer conditions, compared with dark conditions where values were typically 100
times longer. They also investigated the different wavelengths of the radiation
responsible for the effects on the faecal bacteria die-off rates. The detailed
experimental results can be found in Gameson and Gould (1975). Bellair et al (1977)
carried out a series of experiments to investigate the relationship between sunlight

intensity and the decay rate for bacteria. The experiments were conducted over a
whole day and included recording sunlight intensity and T, values for the bacteria.
Under dark conditions the die-off rate was found to be small, but after the sun had
risen (about 6am), die-off rates were found to start increasing until noon. The T,
values were found to vary from 1.9 hours just before noon to 40 hours during the

night, see Figure 2.1.
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Figure 2.1: Summary of hourly 7, values and solar radiation (after Bellair

1977)
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Auer and Niehaus (1993) expressed the irradance mediated decay rate k, as being

proportional to the irradiance [/ in the form:

k=al (2.14)

1 1

where «, = 0.00824cm’ / cal

I = TIrradiance (cal / cm* / day)
The die-off rate was found to be approximately proportional to the intensity of the
irradiance received by the sample at any period during the year (Gameson and Saxon
1967). The relationship between the solar irradiance and the faecal coliform die-off
rate was found to be reasonably well expressed by a power law of the form:

k=al” (2.15)

where k, =die off or decay rate due to sunlight (day ™)

I = Irradiance (W/m?*)

a, = Constant of proportionality

LS, =Slope of the logl0 plot of die-off against irradiance / .

Bellair et al (1977) conducted experiments to investigate the effect of light attenuation
with depth. The light intensity at different depths was measured and it was found that
the instantaneous light intensity at 0.5m, 2m and 5m depth was approximately 80, 40
and 10 percent of that at the surface respectively. Thomann and Muller (1987)
introduced the extinction coefficient to describe the degree of light penetration, or
conversely the extinction of incoming solar radiation. They found a relationship
proportional to the water depth which was represented by the Lambert (or
Beer-Lambert) law giving:

I=1e" (2.16)

where 1, =irradiance at water surface (W/m?)
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I =Irradiance at depth z (W/m?)

z =Depth (m)
K, = Vertical light extinction or attenuation coefficient (m )
Kirk (1984) estimated the light extinction coefficient, K,, by using the measured

absorption and scattering coefficients, giving an empirical relationship of the form:

_a
°0.847

1
(1+0.17é)2 (2.17)
a
where a =absorption coefficient
b =scattering coefficient.
Pommepuy et al (1992) developed a relationship between the suspended matter

concentration and light attenuation, with the results being illustrated in Figure 2.2.

(Wilkinson et al 1995).
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Figure 2.2 Light attenuation factor per meter depth against suspended matter
concentration (Pommepuy et al 1992)
Kashefipour et al (2002b) analysed a number of studies in the literature and found that

the mortality rate of faecal coliform bacteria was highly sensitive to the strength of
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receiving radiance. A time varying formulation was developed to relate the faecal

coliform bacteria decay rate to the level of solar radiation giving:

k, =night time decay rate

I =receiving solar radiation

k=k,+al’

(2.18)

a,b = empirical coefficients (with typical values of 0.236 and 0.629 respectively).

Wilkinson et al (1995) reviewed five studies to investigate the relationship between

light intensity and faecal bacteria decay rates in fresh and sea waters under both

laboratory and field conditions with light intensity expressed in W /m’ and the

decay rate in day™' the corresponding results are summarized in Figure 2.3. It can also

be seen from this graph that the decay rate in the sea water studies (Pommepuy et al

1992, Bellair et al 1977) were generally higher than the decay rate in fresh water

studies (Auer and Niehaus 1993, Sarikaya et al 1987, Evison et al 1987). The effect of

salinity on decay rate will be detailed in later section.
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Figure 2.3 Faecal coliform die-off rates against light intensity (after Wilkinson et al

1995)
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2.3.3.2 Temperature

Generally the relationship between temperature and decay rate is given as (Thomann
and Mueller, 1987):

k, =k, 0" (2.19)
where k, =darkness condition decay rate at temperature T

k,, =the decay rate at T=20°C

@ =a dimensionless constant, which describes the relationship between the decay
rate and temperature; typical values for & for bacteria are about 1.07 (Thomann and
Mueller, 1987)

T= water temperature (° C)

2.3.3.3 Salinity
Many researchers found that the decay rate for seawater is significantly greater than in
freshwater (Anderson 1979, Solic and Krstulovic 1992 and Mancini 1978). Mancini

(1978) conducted laboratory and field data studies and found that bacteria decay rates
were typically 0.8/day and 1.4/day at 20 °C  for fresh and sea water respectively.

Mancini (1978) analyzed the reported data of mortality rates for various percentages
of sea water at 20°C, with the resulting correlation for sea water and coliform

mortality rates being given as:

k

salt

= 0.8+ 0.006(%seawater) (2.20)

2.3.3.4 Sediment

Chamberlin and Mitchell (1978) found that sedimentation could be a key factor
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responsible for the reduction in faecal bacteria levels from the water column.
Plummer et al (1987) confirmed that there are three types of bacteria occurring in
natural water bodies including: (i) free living bacteria whose abundance is
independent of turbidity, (ii) bacteria attached to suspended particles in the water
column, and (iii) bacteria which have settled on the bed. The free-living bacteria move
with the flow, while the attached bacteria move with the suspended particles, which
can be deposited on the bed with the sediments, and also the turbulent flow can cause
the particles with the attached bacteria to re-suspend into the overlying water body

(Stapleton et al 2007).

The effects of sedimentation and irradiance and temperature on decay rate were
summarized by Auer and Niehaus (1993) in the form given below:

k=k,+k +k, (2.21)
k, = decay rate in darkness condition, includes effect of temperature, salinity,
predation, etc (d ")
k ,=decay rate as mediated by irradiance (day ')

k,, = decay rate mediated by sedimentation loss (day ™)
Decay rate mediated by sedimentation loss, £
Auer and Niehaus (1993) stated that the sedimentation loss rate, £, , may be calculated

by dividing the sedimentation velocity by the distance across which the particles must

settle before they are lost to the bottom:
k,=w,/z,

Where w; is the sedimentation velocity and z, is the depth in m, giving:
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WS = MS / AtCYS
where M_ = mass of sediment collected, (g)

A =area of the sediment trap opening, (m* )
t =time of incubation,(d)

C .= water column sediment concentration (g/m?)

2.4 Summary

In this chapter previous studies relating to the modelling of hydrodynamics, sediment
transport and faecal bacteria fluxes have been reviewed. The faecal bacteria were
found to be highly sediment-related and were also found to be effected by many
environmental and natural factors, such as: irradiance, temperature, salinity and
sediment concentration etc. There is a current lack of sophisticated numerical models
to simulate sediment bacteria interaction processes and the dynamic decay rate of

bacteria.
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Chapter 3

Governing Hydrodynamic and Solute Transport Equations

3.1 Introduction

Coastal, estuarine and river waters provide a rich and diverse ecosystem and can be
considered from the physical, chemical and biological perspective, such as the
geometry and bathymetry, bed slope and roughness, hydrodynamic characteristics,
mixing characteristics, water quality indicator concentrations and suspended solids
levels. In the context of the increasing use of hydroinformatics tools, made by water
engineers and environmental managers, it is important to be able to predict
numerically the hydrodynamic, solute and suspended sediment transport processes in
water system coastal and river basin systems (Thomann and Muller 1987 and

Falconer et al 2005).

This chapter covers an overview of the governing model equations, which are based
on the conservation law of mass, both fluid and solute, and Newton’s second law of
motion. The parameters describing the hydrodynamic and solute transport processes
occurring specifically in coastal and river basin systems are also discussed. Details are
given of the 3-D and 2-D equations used to undertake numerical model studies,
together with the coefficients and empirical formulae used in such equations to obtain
numerical simulations for planning and environmental water management impact

assessment studies.
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3.2 Hydrodynamic Equations

3.2.1 Three-Dimensional Reynolds Averaged Equations

The numerical models generally used to predict hydrodynamic, water quality and
sediment transport processes in coastal, estuarine and river waters are based on first
solving the governing hydrodynamic equations of motion. In a Cartesian co-ordinate
system, the corresponding 3-D Reynolds averaged equations for mass and momentum
conservation in the x-direction can be respectively written in a general form as

(Falconer, 1993):

—+—+—=0 3.1
ox 0y Oz

ou ou’ ouv ouw 1 0P,

—+ + + =X-—

o, ox o oz T pox

(3.2)
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where u,v and w are the time averaged velocity components in the x, y and z

directions respectively, ¢ is time, X is the body force in the x-directions, P, is the
pressure, p is the water density, u is the viscosity and u',v' and w'are the
fluctuating velocity components in the x, y and z directions respectively. The

expressions u'u’,u’v’ and u'w’ are known as the Reynolds or apparent stresses in

the x-direction, and on the x, y and z planes respectively, These terms exist due to the
turbulence of the flow and for laminar flow they are zero. For the numbered terms in

equation (3.2), these terms refer to: the local acceleration (term 1), the advective (or
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