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Abstract

An enhanced one-dimensional mathematical model for simulating flood levels and
calculating stage-discharge relationships i1s presented.  Enhanced conveyance
subroutines have been developed and incorporated into the commercially available
river modelling software ISIS. The newly developed software has been verified using

experimental and field data.

When a river overtops its banks there is a vigorous interaction between slow moving
flood plain flow and faster moving main channel flow. This interaction mechanism
has been the focus of intense research over the past forty years. A selective review of

this research is detailed with particular attention to the case of meandering channels.

The Ackers Method and the James & Wark Method are two discharge capacity
methods that have emanated from this recent research and are considered to be the
most practically suitable methods and are indeed recommended by the Environment
Agency of England and Wales. The methods account for interaction effects when
flow is overbank in a straight and meandering channel respectively. It 1s these
methods that have been incorporated into the commercially available and industry

leading one-dimensional river model ISIS to enable an enhanced conveyance

calculation.

The newly developed software has been tested against the Flood Channel Facility
Series A and B experiments to a satisfactory level of accuracy. The testing included

prediction of stage discharge relationships and water level prediction.

In addition it has been applied to the River Dane in Cheshire which is highly
meandering and suited to the James and Wark methodology. This was intended to
give practical advice concerning the use of the James and Wark Method and the
degree of accuracy in estimating the ‘channel pa:ameters which are required by this

method. The results of this work showed that a significant rise in water level

prediction is obtained when using the enhanced code. Also, it was clear that a high

degree of accuracy was not required in estimating the ‘channel parameters’ with the

possible exception of the sinuosity term.



The new software was also applied to the River Kelvin near Glasgow which is
dissimilar to the Flood Channel Facility and the River Dane, however it is
representative of many British rivers. The James and Wark Conveyance Method was
applied to this 19 km reach and calibration results were compared using the current

industry standard method, the Divided Channel Method, and the James and Wark

Method. While improved calibration results were obtained, there were locations
where significant adjustment of roughness coefficients was required. This
application showed the significance of applying an enhanced conveyance calculation

In a natural environment and the practicalities involved in doing so.

This research project has bridged the gap in knowledge between improved discharge

capacity or conveyance methods and practical one-dimensional river modelling. The
enhanced software that has been developed is shown to be more accurate than the

current industry standard method.
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Chapter 1 Introduction

1.0 Introduction

The problem of flooding has existed since man chose to live alongside rivers. While a
river can provide food, power and recreation it can also kill and devastate
communities situated nearby. It has long been of interest to the public in general, not
just engineers, how to predict the maximum flood levels that might occur, and how to

protect against such events. This is especially of interest in modern times as there is a

public perception that flooding is becoming more common.

As the modern world develops more and more land is being developed whether it be
for housing or industry. Often, such developments are located beside or near rivers
where they are obviously at risk from flooding. Developers need to realise that the
flood plain, or land adjacent to the river channel, is an integral part of the river
system. During high flows it is this land that will be inundated and any property built

in this area is at extreme risk.

In order to assess flood flows the river engineer uses a one-dimensional river
modelling tool which effectively creates a mathematical model of a river. This ‘tool’
can provide the relationship between stage and discharge and maximum flood level
predictions. With this information a suitable flood protection scheme can then be

designed.

One-dimensional river models are widely used despite a limited degree of accuracy.
A major limitation of such models being that the only energy loss mechanism it
assumes is that of boundary friction. i.e. surface roughness in a natural river. This
thesis will detail the other energy loss mechanisms, and ways of modelling them, that

do occur 1n river flow.

In particular, recent research (See Chapter 2) has focussed on the interaction of main
channel and flood plain flow. This is where the flow in the main channel has
exceeded the bankfull depth and flooded onto the flood plain. (see Figure 1.01) A

channel that exhibits flow at two stages, similar to Figure 1.01, can be referred to as a

compound channel.
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A Compound Channel with a different depth of
flow in the main channel than on the flood plain

Vigorous Flow
Interaction

Vigorous Flow
Interaction

As the slow moving flow on the flood plain interacts with the faster moving flow in

Figure 1.01 Overbank Flow (Compound Channel)

the main channel there is a resulting vigorous exchange of momentum which

dissipates energy. This is not accounted for in current one-dimensional river models.

There are now several discharge capacity or conveyance methods available to model
such losses yet none has so far been, utilised by the practising engineer. It is
important to be confident of the discharge capacity of a river as it is fundamentally
required in the following engineering applications, flood alleviation, drainage and

water supply.

It would therefore seem reasonable to assess these new discharge capacity methods,
that attempt to account for these interaction losses, and to incorporate them into a one-

dimensional river model. Only when this has been done will the true merit of the

various methods be realised in the most practically useful manner.

This research project has attempted to incorporate two new discharge capacity or
stage-discharge calculation methods into the industry standard one-dimensional river
modelling package ISIS. The result is an enhanced discharge capacity and tlood

prediction tool.

A review of relevant literature has been undertaken to highlight the key developments

in research concerning overbank flow interaction. This body of research has followed
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two broad categories, namely that of Straight compound channels and Meandering

compound channels. (i.e. channels with straight or meandering plan form)

While a meandering river will exhibit three-dimensional motion, a full 3D analysis of
a natural river would not be feasible at present due to cost and computing time. In
engineering practice it is the one-dimensional model that is widely used as it is
extremely efficient in terms of ease of use, time and cost. The fundamental theory of
one-dimensional river models will be reviewed including a derivation of the St
Venant equations which form their base. The solution of these complex non-linear

partial differential equations will also be detailed.

The incorporation and testing of two new discharge capacity methods to the

commercially available and industry leading river modelling package ISIS will be

presented in Chapter 4.

In Chapter S and 6 the newly developed software will be applied in a practical manner

to both the River Dane and the River Kelvin to assess its use to the practising
engineer. Industry has not utilised the body of research that is available concerning

this subject and this thesis aims to address this. As a result the practicalities of this

work are stressed at all times.

The Thesis essentially reports on the background, software development, testing and

application of newly developed river modelling software and details the merits or

otherwise of this work.
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2.0 Introduction

In river engineering the stage discharge relationship is an extremely important piece
of information. Normally, this relationship is obtained from statistical analysis of data
measured at a river gauging station. Due to the predominance of inbank flows there
tends to be a high level of accuracy for stages up to bankfull. In 1964, Sellin observed
an anomaly In the stage discharge relationship when water levels marginally exceed

bankfull depth. The reason for this anomaly has been the subject of research since the

early 1960°s. The following section gives an overview of the work carried out to date.

2.1 Straight Compound Channel Research

Research concerning straight compound channels has tended to focus on discharge
prediction, velocity distribution, boundary shear stress distribution and turbulence
measurements. This vast body of research is not directly relevant to the research

described in this thesis and as a result only a very brief discussion has been included

here for the purposes of providing background information.

Amongst the earliest studies on straight channels with overbank flow, Sellin (1964)
identified the anomaly in the stage discharge relationship as flow just exceeds
bankfull. Point velocity and stage-discharge measurements were recorded in a variety
of geometrical combinations. Of particular interest was the study of the surface flow
which was sprinkled with aluminium powder and photographed. Figure 2.01
lllustrates the vertical vortices that were observed along the main channel and flood

plain interface. Sellin explained this phenomenon by momentum exchanged between
the main channel and the flood plain. Zhelezneyakov (1965) and Imamoto et al

(1991) also observed these secondary currents using photographic techniques.

Sellin (1964) noticed that at low flood plain depths the discharge falls below that of
the bankfull discharge. As the flood plain depth increases then the discharge begins to
Increase again. He also showed that the discharge at each water level, above bankfull,
was less than that calculated assuming bed friction as the only energy loss

mechanism. This implied that there must be other energy loss mechanisms associated

with overbank flow in straight channels.
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Figure 2.01 Secondary Currents Observed by Sellin (1964)

Importantly, this phenomenon is not limited to laboratory studies and was observed at
field scale by Bhowmik and Demissie (1982) and Knight et al (1989) for the Salt

Creek river in Illinois and the River Severn at Montford bridge respectively.

Perhaps the most significant experimental study performed on straight compound

channels is the Series A experiments undertaken at the Flood Channel Facility at HR
Wallingford (see Knight and Sellin (1987)). The apparatus itself is SOm long and 10m
wide and between 1986-1989 a series of different models with a straight main channel
were constructed. The aim of these experiments was to observe the various flow

processes associated with overbank flow. Specifically, the following four parameters

were tested to ascertain its influence:

e Relative flow depth
¢ Main channel side slope
¢ Channel width

e Relative roughness

As a result of these experiments a comprehensive stage discharge prediction method,
the Ackers Method (1991), was developed. (See Section 2.2.3.5) The Ackers Method

accounted for the various tlow processes that were observed during the Series A

experiments.
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According to Wark, James and Ackers (1994), the important flow mechanisms that

affect the conveyance of a straight compound channel are:

o The velocity differential between the main channel and flood plains which
induces a lateral shear layer between those two regions

o Secondary circulations, both in plan and within the cross-section, carry fast
moving fluid from the main channel to the flood plain and vice-versa. The
relative strength of these secondary currents is reduced when the flood plain is
rough and when the main channel side slope is slack. The most noticeable
secondary circulations form vortices with vertical axes located along the main
channel / flood plain interfaces.

o The secondary circulations and lateral shear effects cause the boundary shear

stresses to be redistributed around the cross-section, with increased values at

the edge of the flood plain close to the main channel.

e These mechanisms combine to reduce the discharge in the main channel and
Increase it on the flood plains.

 The secondary currents also affect the vertical and lateral distributions of
longitudinal velocity, particularly in the main channel.

® The strength of the interaction depends on main channel / flood plain widths

and side slopes; main channel / flood plain bed roughness and the velocity

differential across the shear layer.
e The bed shear stress on the flood plains is increased by the interaction. In the

main channel it 1s reduced.

The various flow processes observed, as proposed by Shiono and Knight (1991), in a

straight compound channel are illustrated in Figure 2.02
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Figure 2.02 Flow Processes in a Straight Compound Channel
(Shiono and Knight (1991))

Further details of straight compound channel experiments can be found in Sellin
(1964), Ervine and Baird (1982), Knight et al (1983), Myers (1978, 1984), James and
Brown (1977), Rajaratnam and Ahmadi (1981), Wormleaton et al (1982),
Wormleaton (1986), Ackers (1991), Wark (1993), Field, Lambert and Williams
(1998) or Macleod (1998) for a detailed description of straight channel experiments.

2.2 Straight Compound Channel Modelling Techniques

At present Engineers use straight channel methods when calculating river stage
discharge relationships or calculating conveyance. The conveyance calculation is
usually performed within a one-dimensional river model and is calculated by either
the Single Channel or the Divided Channel Methods.
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2.2.1 Single Channel Method (SCM)

This method of modelling a compound channel involves, as the name suggests, a
single channel of flow with no sub-divisions. It is practically undesirable as it does
not allow for any variation in bed roughness across the channel. In addition, there is a

significant flaw in its prediction for depths just above the bankfull depth. At these

small overbank depths there is a significant increase in the wetted perimeter with a
disproportionate increase in flow area. This leads to values of hydraulic radius that

are artificially small.

Knight et al (1989) observed this phenomenon on the River Severn, where a back

calculation of ‘n’ using Manning’s equation resulted in a significant reduction in this

term. This implies that the flow resistance would decrease when flow goes overbank.
It has since been shown that there are additional energy losses when floodplain flow

interacts with main channel flow which contradicts this finding. It is suggested that

the hydraulic radius term is inappropriate for compound channels Mcleod (1998).

Wark (1993) has reviewed the historic development of this method.

2.2.2 Divided Channel Method (DCM)

In order to avoid the discontinuity at bankfull level the cross-section can be sub-

divided into a main channel with floodplain zones and is referred to as the Divided
Channel Method. This method was first proposed by Lotter (1933). Manning’s
equation is generally applied in each flow zone to obtain a zonal estimate of

discharge. These are then summed to give a total discharge. Figure 2.03 illustrates

some of the possible sub-divisions that could be used, Wormleaton and Merrett
(1990).

Ramsbottom (1988) applied various divided channel methods to field data and
concluded that the best results were obtained by including the vertical divisions of the
wetted perimeter of the main channel but not the flood plains. The divided channel
method 1s commonly used in one-dimensional river models, such as ISIS and MIKE

11, without the inclusion of division lines in the wetted perimeter. This can be

considered the industry standard method at present.
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Various Divided
Channe] Method
Divisions

Figure 2.03 Divided Channel Method Divisions

The method assumes that all energy losses are due to bed friction and makes no

allowance for interaction losses. Consequently, the DCM can be in error by as much

as 30%, Myers and Brennan (1990).

2.2.3 New Methods
Research has tended to follow three distinct paths in modelling of compound channel
flows. Specifically, these are Apparent shear stress methods, Adjustment factor

methods and Lateral distribution methods.

2.2.3.1 Apparent Shear Methods

Apparent shear stress methods have been considered by authors Baird and Ervine
(1982), Knight and Demetriou (1983), Knight and Hamed and Wormleaton and
Merrett (1990). This being where the secondary losses are accounted for by including
an apparent shear stress on the vertical division lines which separate the main channel

from the flood plain. The methods proposed by the various authors are empirical in

nature and were based on a limited range of experimental conditions.

2.2.3.2 Adjustment Factor Methods

These methods are generally based on a basic divided channel approach and then
‘adjusted’ to account for interaction losses. Baird and Ervine (1982), Wormleaton

and Merret (1990) proposed adjustment factors that were related to the apparent shear
stress while Ackers (1991) developed a method that simply corrects a ‘basic

discharge’ calculated assuming only bed friction losses.
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2.2.3.4 Lateral Distribution Methods (LDM)

The lateral distribution method (LDM) is based on estimating the distribution of flow
across a section and then integrating this to obtain the total discharge. The starting
point for the LDM is the full 3D Reynolds equations for turbulent flow. These are

simplified by integrating in the vertical direction to produce the 2D shallow water

equations. However, in the case of a straight channel, the shallow water equations can
be simplified further to a one-dimensional equation which describes the lateral

variation of depth averaged velocity and discharge across a channel, Wark et al
(1990), Knight and Samuels (1989) and Shiono and Knight (1990).

The following equation describes the lateral distribution of depth-integrated flow in a

channel.

0.5 0.5
ponso—pui(vs )+ toue(4) 0, %l <0 coan

where Uy is the depth averaged velocity, A is the dimensionless eddy viscosity, fis the
Darcy-Weisbach friction factor and s is the main channel lateral side slope, H is the

water depth and p is the flow density.

The secondary flow term is set to zero in equation 1 by Shiono and Knight (1989) as

they assumed this to have a negligible effect. This can be considered a limiting factor.

Wark et al (1990) used an alternative form of equation 1 i.e. discharge intensity

_Bflala o, 89]
gDS 272 + Y [Vt 5}—] = () (2.02)

where B is a factor relating stress on an inclined surface to stress on a horizontal
surface, D 1s the local flow depth, f is the Darcy Weisbach friction factor, g is
gravitational acceleration, q is the unit flow, S the surface slope and U is the depth
averaged velocity. The variable q is continuous even across a vertical step in depth

where as the depth averaged velocity U as used by Shiono and Knight (1989) will

display large discontinuities in such situations.

10
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In this formulation the secondary flow losses are again ignored. The dimensionless
eddy viscosity parameter was introduced and used as a “catch-all” parameter for
lateral eddy viscosity and secondary flow. The difficulty in applying this equation
came from this parameter. Knight (1999) has made some recommendations in

estimating this parameter for a range of channel geometries.

Shiono and Knight (1991) introduced a secondary current term to their previous 1989
method. This was based on experimental results, and assumed that the shear stress

due to secondary flow decreases approximately linearly either side of a maximum

value which occurs at the boundary between main channel and flood plain.

The application of these quasi-two-dimensional analytical solutions has produced
good estimates of the lateral distribution of depth-averaged velocity for mostly
laboratory data. The fundamental limitation of this method being that it is for near

uniform overbank flows in straight channels. There is no account for river
meandering. A recent paper by Ervine et al (2000) develops the basic technique of
Shiono and Knight (1989, 1991) to be applicable to both straight and meandering

channels.

Some field applications using these methods are considered later in this thesis.

11
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2.2.3.5 Ackers Method (1991)
This method is fundamentally based on the Flood Channel Facility Series A

experiments. It is used to estimate stage discharge relationships in straight compound

channels.

The method follows a sub-division technique as shown in Figure 2.04.

l
Zone 2 i Zone 1 | Zone 3

Figure 2.04 The Ackers Method cross-sectio

Zone 1 Main Channel

Zone 2 Left Flood Plain
Zone 3 Right Flood Plain

The cross-section 1s divided using vertical division lines which are not included as
wetted perimeter values. A basic discharge ‘Qbasic’ is calculated for each zone
assuming bed fiction to be the only source of energy loss. A range of adjustments are

then made for a series of flow regions to account for interaction losses. The method

calculates an estimate of discharge for each of the flow regions and selects the correct

value subject to a series of rules.

The flow interaction process is very complex and, as can be seen in Figure 2.05,

alternately increases and decreases with flow depth.

12
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Figure 2.05 Four Regions of Flow Behaviour (Ackers (1991))

Also shown 1n Figure 2.05 is the channel coherence curve. This parameter is defined
as the ratio of the conveyance calculated as a single cross-section to that calculated by
summing the conveyance of the separate flow zones. The value of coherence is equal
to unity or less and is a measure of the strength of interaction losses. A coherence
value of 0.5 would imply 50% non-bed friction energy losses. As the channel depth
increases COH tends towards a value of 1, implying that the compound channel

behaviour is approaching that of a simple channel at high depths.

The method provides a different adjustment factor for each flow region. A logical

process of selecting the correct discharge is then provided. Using the Ackers method
additional corrections are available for skewed channels and for the full design of a
compound channel. The various adjustment factors for the flow regions are as

follows:

Region 1

This region of flow behaviour occurs at very low overbank stages

Q = Qbasic — DISDEF (2.03)

13
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Where the correction factor DISDEF depends on the relative friction factor; velocity
difference between main channel and flood plains; number of flood plains; flow
depths 1n main channel and flood plains and the main channel aspect ratio. This was
the only region where a subtractive correction factor was applied. In all other regions

a multiplier correction factor was used. i.e.

Q 23,4 = Qbpasic * DISADF 534 (2.04)

Region 2

At higher overbank stages the flow resistance in a straight compound channel reduces,
illustrated by the turning point in Figure 2.05. Ackers (1991) observed that the
laboratory results plotted on a line approximately parallel to but lower than the
coherence curve. He decided to use as the model for DISADF, the value of COH at

some “shifted stage” which is significantly larger than the actual stage.

Coherence depends on channel shape and roughness and the shift required to obtain
the shifted stage from the actual stage depends on the main channel side slope and the

number of flood plains. Thus the correction factor for region 2 depends on all of these

parameters. (Wark, James and Ackers (1994)).

Region 3
This flow region occurred at higher still stages and the resistance to flow increased.
The adjustment factor DISADF3 was expressed as a function of COH for the actual

stage and depended on stage, cross-sectional shape and roughness.

Region 4

The data analysed by Ackers (1991) did not contain data at high enough stages to
confirm the existence of region 4, where the flow resistance decreases with stage i.e.
the adjustment factor DISADF4 will increase with stage. It was proposed that the
adjustment factor in this region should take the value of COH for the given stage.

14
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Once the method has calculated the flow estimates for each flow region it selects the

correct value from the following rules:

If QR1 = QR2 then Q = QR1
If QR1 <QR2 and QR2 < QR3 then Q = QR2
If QR1 <QR2 and QR3 < QR2 then Q = QR3 unless QR4 > QR3 then Q = Q4

A detailed description of the empirical equations used in this method can be found in

Ackers (1991). The method has been applied to laboratory and field data with a
reasonable level of accuracy and is currently recommended for use by the

Environment Agency. A flow chart detailing the Ackers Method can be found in
Chapter 3.

In recent times, research has moved on to the more complicated case of meandering

compound channels. This indeed is of more practical interest as rivers tend to exhibit
a meandering plan-form. The following section reviews the relevant work on

meandering compound flow.

15
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2.3 Meandering Compound Channel Research - Flow Mechanisms

The following section highlights some of the key experimental programs that have
helped identify the flow processes occurring during overbank flow in a meandering

compound channel. It is the findings of these researchers that have facilitated the

development of models to account for the various flow processes.

2.3.1 United States Army Vicksburg (1956
This early study was at large scale, 30.5m long by 9.2m wide, and was intended to
observe how a range of geometrical parameters affected the discharge capacity. The

parameters tested were radius of curvature of bends, sinuosity of main channel, depth

of overbank flow, ratio of overbank area to main channel area and flood plain

roughness. Figure 2.06 illustrates the various flumes modelled during this study.
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Figure 2.06 US Army Corps, Vicksburg (1956) Experimental Flumes

As can be seen from Figure 2.06 there were three different sinuosity’s tested ranging
from straight (sinuosity = 1.0) to medium-high (sinuosity = 1.57). The main channel
for all experiments was trapezoidal and dimensions are shown on Figure 2.06. The

first set of experiments carried out had smaller dimensions than that showed in Figure

2.06. These were a base width 1 foot and depth 0.5 feet. These were deemed to be

unsatisfactory (inconclusive) and as a result the channel dimensions were increased to

that shown in Figure 2.06 i.e. base width 2 feet and depth 0.5 feet. The experimental
results were in terms of stage discharge relationships. For each experimental

arrangement the discharge was measured at bankfull and three overbank stages.

The study concluded the following

e Where the main channel is narrow (and small) compared to the floodplain, the
effect of channel sinuosity on the total discharge capacity is small.

e The effect of increased main channel sinuosity is to reduce the total discharge
capacity.

e When the flood plain 1s more than three times the width of the meander belt

the effect of the sinuosity on the total discharge capacity is small.

o The effect of increased flood plain roughness is to reduce the total discharge

capacity.

17
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Despite this study being over 40 years old it is arguably the only rival to the Flood

Channel Facility experiments in terms of scale and findings relevant to practical use.

2.3.2 Toebes and Sooky (1967), Sooky (1964

Toebes and Sooky (1967) performed a series of experiments to investigate the
hydraulics of overbank flow in meandering channels with flood plains. The apparatus
used was 7.3m long by 1.18m wide and of low sinuosity (1.09). The experimental

arrangement consisted of a meandering channel of rectangular cross-section and is

shown in Figure 2.07.
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Figure 2.07 Experimental Apparatus of Toebes and Sooky (1967)
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This study tested two different channel depths and seven longitudinal slopes and
readings were taken concerning stage discharge and velocity variation over both main
channel and flood plains. It was considered by these authors that, as of 1961, there

was an almost complete lack of hydraulic data on meandering flood plain flow fields.

In order to test the accuracy of the stage discharge measurements the cross-section
was divided into two separate regions by a horizontal line at bankfull. Then,
discharge was calculated for each region, assuming only bed frictional losses, and
summed to give a total discharge for each water level. Essentially, these authors
discovered that this discharge, when calculated assuming only bed frictional losses,

was over-predicted. This meant that all energy loss mechanisms were not being

accounted for.

In an attempt to allow for additional energy losses the wetted perimeter term (T) was
increased for both flow regions. This term was increased until there was agreement
between the predicted and measured discharges. ‘T’ was considered to be a
complicated function of overbank flow depth, mean velocities in the two zones and

the longitudinal slope.

Another finding of this study being that during overbank flow the secondary currents,
which are induced by channel bends, rotate in the opposite sense to inbank flow.
During inbank flow the secondary currents are known to rotate with the surface

currents directed towards the outside of the bend while this study observed, when
flow was out of bank, the surface currents being directed toward the inside of the

bend. This was an early observation of a phenomenon that has since been confirmed
by recent studies by Stein et al (1988 & 1989) and Kiely (1989).

2.3.3 Kiely (1989 & 1990)

Kiely (1989) performed a series of experiments on both straight and meandering
compound channels in order to determine the flow mechanisms during overbank flow.
In Kiely’s own words “this physical understanding is fundamental to any future
numerical modelling”. Kiely (1990) concentrated on meandering compound channels
and undertook velocity and turbulence measurements, using a Laser Doppler

Anemometer, for a range of geometries.
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The experimental apparatus used in this study was 14.4m long by 1.2m wide and had
a discharge capacity of 50I/s. A glass floor in the flume allowed uninterrupted access

to an area 2.4m long by 1.2m wide for Laser Doppler Anemometry (LDA). Both the

main channel and flood plains were constructed of smooth glass.

The study found that when flow is just out of bank the direction of flow is almost
parallel to the main channel walls. However, when the flow is at highest depths, the
flow direction is changed to being almost parallel with the outer flood plain walls.
This indicates the existence of horizontal shearing at the junction of flood plain and

main channel flows.

Kiely observed a reduction of 50% in the meandering main channel velocities
compared with an equivalent straight channel. The velocity measurements also

revealed that the maximum value, at all meander sections, was located on the flood

plain outside the meander belt. The maximum velocities in the main channel, above

and below bankfull, are close to the inner bend.

In addition, the following flow mechanisms were identified for the meandering

geomelry

e Secondary currents
e Horizontal shearing

e Flow expansion and contraction

e Downstream effects of cross-over flow

2.3.4 Willetts and Hardwick (1990)

Willetts and Hardwick (1990) performed a series of experiments of meandering plan
form with the aim of identifying the key flow mechanisms associated with overbank
flow. In addition, they were interested in the effect of channel geometry and sinuosity
on the stage discharge relationship. The apparatus used in these experiments was 11m
long by 1.2m wide and is shown below in Figure 2.08. Both trapezoidal and quasi-

natural cross-section geometries were tested.
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Figure 2.09 shows an illustration of some of the features observed in this study.
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2.3.5 Lorena (1992) - Flood Channel Facility Experiments (1989-1991

During the period 1989-1991, Lorena, carried out the Flood Channel Facility Series B
experiments for meandering compound channels. This large scale experimental
facility was 50m long by 10m wide and was constructed of smooth mortar. Two
sinuosities were constructed i.e. 1.37 and 2.04 with two main channel geometries
(trapezoidal and pseudo-natural). These experiments allowed the large-scale
investigation of overbank flow processes. A more detailed description of these

experiments is given in Chapter 4. A review of the main experimental findings is

given in Ervine Willets Sellin and Lorena (1993).

2.3.6 Ervine Willets Sellin and Lorena (1993)

Ervine Willets Sellin and Lorena (1993) investigated 7 parameters that they thought
would influence the flow interaction between the main channel and flood plain, in a

meandering channel. The authors noted that when a river flows over-bank the sources
of energy dissipation and flow resistance are much more difficult to determine. The
reason for this being that there is extensive three-dimensional mixing of river and
flood plain flows, especially in the case of meandering compound flows. In order to
define some of these “sources of energy dissipation” the Flood Channel Facility
Series B experiments were performed. The experimental apparatus was S0m long and

10m wide, and had a maximum flow rate of 1.1m*s. The parameters tested were as

follows:

e Sinuosity

e Relative Roughness of the flood plain with the main channel

e Aspect Ratio of the main channel

e Meander Belt Width relative to total floodway width

o Relative Depth of flow on flood plain compared with the main channel
e Cross-sectional shape and side slope of the banks of the main channel

¢ Flood plain topography

The results of these experiments detail the response of the discharge capacity to
changes in the 7 parameters in terms of a non-dimensional correction factor F*. This

term is defined in equation 2.05 and ranges between 0 and 1.
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F* = actual measured discharge / theoretical discharge (i.e. bed friction only)

(2.05)

The theoretical discharge is calculated for each cross-section division and is the same
as the Divided Channel Method. For each of the parameters tested (only 6 out of the
7 are discussed) the results are discussed in terms of F* and non-bed friction energy
losses. For example, when a sinuosity of 2.0 was tested the value of F* was around
0.6 which implies 40% non-bed friction losses. This paper was important as it
revealed the scale of non-bed friction losses in relation to a range of tests. The
experiments were also carried out at a large scale and provide the raw data for the
development of further modelling techniques. Results and discussion from the Flood

Channel Facility Series B experiments can be found in Sellin et al (1993).

2.3.7 Liu and James (1997)

Liu and James (1997) carried out a series of experiments that focussed on the effects
of flood plain geometry on the conveyance of meandering compound channels.
Essentially, they constructed a 1:4 model of the SERC FCF 60 degree trapezoidal
channel. Seven different geometrical arrangements were tested such as differing

flood plain widths, sinuous tlood plains and transversely sloping flood plains.

Of particular interest was the significance of having sinuous and transversely sloping

flood plains.

The results of this work indicated the following

e Side slopes of the main channel banks increase the conveyance of a
meandering compound channel, at low over bank stages, by reducing energy
losses in the inner flood plain flow.

e The James and Wark Method overestimated the flow in the outer flood plain

zones due to the assumption of bed friction only losses.

e Flow structure in compound channels with sinuous and laterally sloping flood

plains is completely different, compared to straight flood plains.
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e Flow separation from the convex bends induced reverse flows on the flood
plains and secondary circulation in the main channel opposite in sense to that
of with straight flood plains, similar to that of in-bank flow.

o When the flood plain is sinuous, flow separation is the dominant source of
energy loss.

e The overall resistance of a sinuous flood plain is reduced by transversely
sloping flood plains, although for the cases investigated, it was always

substantially greater than for the straight flood plain cases.

It should be noted that due to the sharp bends used in this study the sinuosity effects

discussed may not be applicable to less sinuous geometries.

2.3.8 Series B Extension Programme

A criticism of the FCF Series B Experiments was that they only considered a limited
range of geometies and conditions. The FCF Series B Extension Programme was
carried out to rectify this situation. The experiments were performed at the University
of Glasgow in collaboration with the Universities of Bristol and Aberdeen.

Essentially, this involved the construction and testing of small-scale flumes.

As already mentioned the main purpose of this study was to investigate several
parameters, which may influence river-flood plain interaction, that were not included
in the initial FCF Series B experiments. The physical model that was constructed at
the University of Glasgow by Mcleod (1998) was 8m long by 1.65m wide and had a

maximum discharge rate of 60l/s and shown in Figure 2.10. The following

parameters were investigated:

e The main channel side slope was varied

e Main channel and Flood Plain Roughness

o Bankfull Depth and Main Channel Aspect Ratio
e Cross-sectional shape

e Model Scale
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The physical measurements taken included stage and discharge, flow visualisation and

velocity measurements. A total of 30 different geometries were tested, details of

which can be found in Ervine and Macleod (1993).

The findings discussed in this paper reinforce what had been observed in the initial
FCF Series B Experiments but over a wider range of conditions. The authors

experimental findings have been used as the basis for an Artificial Neural Network

(ANN) for predicting discharge capacity in a meandering compound channel.

The apparatus constructed at Aberdeen University was 11m long by 1.2m wide and
had a maximum discharge rate of 30l/s. Rameshwaran and Willetts (1997) varied the
following 8 parameters that were found by Ervine et al (1993) to influence flow
behaviour. These were, Sinuosity, Aspect Ratio of main channel, main channel side
slope, cross-sectional shape, relative roughness, flood plain slope, meander belt width
relative to flood plain width and relative overbank flow depth. The results have also
been used as the basis of a new design method for estimating overall flow resistance.

(see Rameshwarran and Willets (1997)).

Flume 8 m long

Flow straighteners

Tailgate Fiume 1-65 m wide
Tank

Tank

o Orifice
Pump Direction plate

of flow
X 0

Manometer

1.65m

Figure 2.10 FCF Series B Extension Programme — Glasgow Flume
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Figure 2.11 FCF Series B Extension Programme — Aberdeen Flume

For information on the Bristol Study see Wilson (1998). The main outcome of these

experiments was the production of new discharge capacity methods which are

reviewed in the following section.

2.4 Meandering Compound Channel Modelling Techniques

2.4.1 Toebes and Sooky (1967)

Essentially, these authors discovered that discharge, when calculated assuming only
bed frictional losses, was over-predicted. This meant that all energy loss mechanisms

were not being accounted for. In an attempt to allow for additional energy losses the
wetted perimeter term (T) was increased for both flow regions. This term was

increased until there was agreement between the predicted and measured discharges.

‘T was considered to be a complicated function of overbank flow depth, mean

velocities in the two zones and the longitudinal slope.

2.4.2 James and Brown (1977)

James and Brown attempted to account for the additional energy losses associated
with overbank flow, in both straight and meandering channels, by adjusting the

Manning’s ‘n’ parameter.
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This meant that the value of ‘n’ accounted for both bed friction and secondary losses.
The adjusted ‘n’ values were used in tandem with standard resistance formulae to
obtain a value of discharge, for a given stage, assuming the cross-section were a
single channel. The result was a formula that could be used to calculate a value of ‘n’
that would account for all losses and was dependent on relative flow depth and the

ratio of floodplain width to main channel width. However, most of their experiments

were concerned with straight compound channels with only a few focussed on

meandering channels. As a result, it is unlikely that this method would be suited to a

natural river application.

2.4.3 Yen and Yen (1983)

Yen and Yen (1983) also treated the cross-section as a single channel and the main
channel was considered to be a resistance element. They proposed a Darcy-Weisbach
type resistance coetficient to account for expansion and contraction losses induced by
the main channel. The model did not account for flow in the main channel and is
dependent on empirical information obtained for closed conduits which is unverified
for open channels. This model would be unlikely to be suitable for incorporation to a

one-dimensional model as it cannot account for main channel flow which is a

significant proportion of natural river flow.

2.4.4 Ervine and Ellis (1987)

Ervine and Ellis (1987) produced a method for the prediction of stage discharge
relationships where the cross-section is divided into three zones i.e.

Zone 1 : the main channel below bankfull, Zone 2 : the flood plain within the meander
belt width and Zone 3 : the remaining area out with the meander belt. They identified

the main sources of energy loss in each zone as follows:

Zone 1
e Friction on the wetted perimeter.
e Boundary resistance due to transverse shear and internal friction associated
with secondary currents induced by the meander bends.
e The turbulent shear stress generated by the velocity difference between the
main channel and the collinear component of the floodplain flow at the
horizontal interface at bankfull level.
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e Bed form resistance associated with the undulating riffle-pool sequence.

Zone 2
e Friction on the wetted perimeter
e ecxpansion of flow as it enters the main channel

e contraction of flow as it re-enters the floodplain

Zone 3

e Bed Friction

Friction losses are estimated using the Darcy-Weisbach equation with the friction
factor given by the Colebrook-White equation. Secondary Current losses are
estimated using the method of Chang (1983) for fully developed circulation in wide,
rectangular channels. Subsequent experimental observations have confirmed the early
findings of Toebes and Sooky (1967) that the secondary circulation to be generally in
opposite sense for overbank flows compared with inbank flows. This is because the

horizontal shear layer at bankfull level, rather than centripetal acceleration drives it.

Chang’s method was derived for the inbank case and is therefore inappropriate for
overbank cases. Ervine and Ellis account for the growth and decay of secondary
currents by applying only half of the head loss predicted by Chang’s 1983 model.

Expansion losses for flood plain flow are determined by application of the force-

momentum principle, and contraction losses by using loss coefficient values presented
by Rouse (1950) and used by Yen and Yen (1983).

The method was applied to the laboratory data of the US Army Corps of Engineers,
Vicksburg (1956) and Toebes and Sooky (1967) with reasonable accuracy. (See

Figure 2.12)
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Figure 2.12 Comparison Between US Army Corps of Engineers, Vicksburg (1956)

and Ervine and Ellis (1987)

2.4.5 James and Wark (1992)

In 1992, James and Wark developed this semi-physical / semi-empirical method for

the calculation of stage discharge relationship. It was based on the Flood Channel

Facility Series B experiments at HR Wallingford and can be considered a

development of the Ervine and Ellis Method (1987).

The river cross-section 1s divided into four separate flow zones and there are empirical

formulae to account for the various energy loss mechanisms in these zones. Figure

2.13 shows the James and Wark defined cross-section.

Zone 3

Zone 2

Zone 4

Zone 1

<4 Meander Belt Width—»

Figure 2.13 The James and Wark Method cross-section divisions
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Zone 1 is the area up to bankfull
Zone 2 is the region above bankfull but within the meander belt width

Zone 3 is the region on the left outside the meander belt width

Zone 4 is the region on the right outside the meander belt width

The solution technique begins with a defined water level which is used to calculate
zonal areas, wetted perimeters and Hydraulic Radii. For each zone a discharge is

calculated and summed to give a total discharge for the defined water level. i.e.

Qr=Q;+Q:+ Q3+ Qq (2.06)

Zone I
In this zone, below bankfull, the sources of energy loss are bed friction, secondary

circulations that are driven by the shear imposed by the flood plain flow and bulk

exchange of water between the main channel and the flood plain. Due to the poor
understanding of the flow mechanisms in this flow region an empirical approach has
been used to calculate discharge. Essentially, the discharge in this zone is calculated
using Manning’s equation which includes meander bend losses in the term n’. This

term is the basic Manning’s ‘n’ adjusted using the Linearised Soil Conservation
Service Method (LSCSM).

The LSCSM 1s used to adjust Manning’s ‘n’ so that meander bend losses are

accounted for. Having obtained this value of the bankfull discharge (Q ) it is then

adjusted to account for the effects of overbank flow. The adjustment factor (Q;’) was
derived from the FCF Series B Experiments and was found to depend on the

following

o The flood plain flow depth on the flood plain (Y2)
o The channel sinuosity

e The cross-section geometry

e Flood plain roughness
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After the adjustment is made using equation 2.07 the correct Zone 1 discharge with

allowances for meander bends and overbank flow is obtained.

Qi =Qupr *Qy 2.07)

Zone 2
The zone 2 adjusted discharge is calculated by the product of the area, above bankfull

and within the meander belt width, and the velocity which is calculated equation 2.08.

o o (2gSoL)

é }2?;,) + F1F2Ke

(2.08)

where g is gravitational acceleration, So is the flood plain gradient, L is the meander
wavelength, f is the Darcy-Weisbach friction factor, R is the hydraulic radius, F1 is
the factor for non-friction losses in zone 2 associated with main channel geometry and
F2 is the factor for additional non-friction losses in zone 2 associated with main

channel sinuosity. (see also Flow Chart S in Chapter 4)

It should be noted that the wetted perimeter term for this zone does not include the
horizontal division at bankfull or the vertical divisions at the extremes of the meander
belt width. The wetted perimeter for zone 2 is the total length of the wetted surface

across the section less B(SIN-1). The empirical equations used in calculating V2 are

required to account for flow expansion and contraction losses and other energy loss

mechanisms.

Zones 3 and 4

Flow in the outer flood plain zones is assumed to be controlled by bed friction only.
As a result the discharge in these areas can be calculated using Manning’s equation.
The James and Wark Method was applied to a range of experimental data which
included the FCF Series B data which was used to derive the method. The results

showed a significant improvement on the bed friction only method and other newly
developed methods. It was also applied to field data from the River Roding and again

showed a significant improvement in stage discharge prediction. The authors claim
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that in this application the bed friction only method over-predicted discharge by
approximately 10% while the James and Wark method under-predicted discharge by
2%. This method has been adopted by the Environment Agency for England and

Wales and is recommended for practical use.

2.4.6 Greenhill and Sellin (1993)

These authors set out to develop a “simple” method for predicting discharges in
meandering compound channels. The study made use of the experimental results of

the Flood Channel Facility Series B experiments as show in Figure 2.07. The

dimensions are similar to those discussed earlier by Lorena (1992). Essentially, the
method proposed was based on the Manning-Strickler equation and was applied to
various cross-section sub-divisions. They began with the basic divided channel

method of Lotter (1933) and gradually refined it until a method with suitable accuracy

was derived.

The refinements were

e a horizontal division at bankfull to represent the shear layer caused by the

movement of water leaving the flood plain and passing over the main channel.

e divisions to separate the meander belt width from the remainder of the flood
plain

e Use of the main channel slope to calculate the discharge for the region of flow
within the meander belt width

o Inclining the boundary between the inside and outside of the meander belt to
account for the velocity difference

Five different models were tested and the results shown in Figure 2.14.‘ Method 5 was

the most accurate and had a percentage error of +3.5% for a discharge of 1.1m?/s.

At lower depths the accuracy, as shown in Figure 2.14, was very good. Method 5
applied Manning’s equation in each zone using the main channel slope in zones 1 and

2 and the flood plain slope in zones 3 and 4. The division lines separating the
meander belt and the rest of the tlood plain were inclined at 45°. The method was

applied to other data sets with variable success. However, the authors established that
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the model was inaccurate for low overbank depths and geometries with a very wide
main channel. The method was found to be accurate to 2% on the FCF 60 degree
meander geometry for discharge between 0.05m’/s and 0.8m3/s. It should be noted

that it was applied to a limited range of conditions.

Depth ratio
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putt e 1)

30
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Figure 2.14 Percentage Error in Discharge Prediction (Greenhill and Sellin (1993))

The method developed was reasonably accurate, for the data that it was developed

from, and was indeed simple to use and could be considered as the basis of a more

theoretically correct method for use in a one-dimensional river model.

2.4.7 Muto (199

Having performed small scale laboratory experiments on meandering channels with

sinuosities of 1.093, 1.370 and 1.571, Muto (1997) analysed three existing methods
for stage-discharge prediction, namely, the Divided Channel Method, Ervine and Ellis
(1987) and James and Wark (1992). Muto concluded that the James and Wark

method was the most accurate for his experimental data. Muto also proposed a new

method, based on Ervine and Ellis (1987), which introduced several new parameters

and took the effects of secondary flow and turbulence into account.
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It gave reasonable predictions of both zonal and total discharge for the geometries

investigated in this study.

2.4.8 Willets and Rameshwarran (1998)

Willets and Rameshwarran (1998) developed a method for estimating the overall flow

resistance based on the FCF Series B extension programme results. The method

presented was based on the resistance coefficient relationship for a two-dimensional

open channel.
| R
— =2log—+2.23
N g Ko (2.09)

where f is the Darcy-Weisbach friction factor, K, is the equivalent roughness size and

R is the hydraulic radius.

The approach accounted for many relevant geometrical parameters and scale effects
and performed with a reasonable level of accuracy. The channel system was treated
as a single channel. Domains were defined, in the first of which viscosity was found

to be influential but not in the second.

Domain 2 was considered to be roughness dominated. The method calculated the

flow resistance in each of these domains. The true potential of this method has not

been practically demonstrated as it has only been applied to laboratory data.

2.4.9 Koopaei and Ervine (2000)

Koopaei and Ervine (2000) developed a method for the analysis and design of a

compound channel and was applicable to both straight and meandering cases. This
particular study had gathered together the best available laboratory and field data for

both straight and meandering compound channels.

In addition, they assessed all the main analysis methods, such as Ackers Method,
James and Wark Method and The Lateral Distribution Method. The aim of doing so

was to produce a new method that combined the best attributes of the existing
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techniques yet improved the existing situation. It was also important that the new

method was accurate at both laboratory and field scale.

The new method reported is based on the work of Shiono and Knight (1989) and
Wark, Samuels and Ervine (1990), referred to earlier as the Lateral Distribution
Method. The novelty of the method is that it includes the influence of secondary

currents and 1s applicable to both straight and meandering channels. Of particular

note is that the method has been applied to a broad range of small scale, large scale

and field data.

The authors concluded that in situations where secondary currents are dominant the
method will give improved predictions of depth-averaged velocity when compared

with other methods.

The various methods that have been reviewed are either one-dimensional or quasi
two-dimensional however, some recent work has focussed on full three-dimensional
modelling, Manson and Pender (1994) and Morvan and Pender (2000).

Morvan and Pender (2000) presented a fully three-dimensional numerical model of
the Flood Channel Facility Series B experiment B23. The predictions of the 3D
model are compared with the observed velocity and turbulence measurements.

At the time of writing the authors were in the process of applying their 3D model to
1km reaches of the River Nith, River Severn and River Ribble which will be of

significant interest to engineering practice.

Currently the practicalities of 3D modelling are not economic. For example, in order
to model the 50m long FCF Series B experiments in full 3D, the run time was
approximately 48 hours. For practical river modelling these methods are not currently

applicable and are limited to ‘special sites of interest’. (See Samuels, May and

Spaliviero (1998))
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2.5  Field Studies

The various discharge capacity methods that have been almost exclusively applied to
laboratory data. The following section reviews the few field scale studies that have
been reported. Interestingly, these applications comment on the need for such
methods to be incorporated into a one-dimensional river modelling package. The

dearth of field studies is due to the combination of expense in gathering data and the

uncertainties that exist in the accuracy of field data.

2.5.1 River Severn

Gauging station data was gathered by Ramsbottom (1989) from a selection of UK
rivers. One of the best sites used was on the River Severn at Montford Bridge. It

should be noted that this gauging station site is of straight plan form. Wark (1993)
has applied his version of the Lateral Distribution Method to this site (and the other
sites identified by Ramsbottom (1989)) and compared it against other methods that

were available.

2.5.2 River Main

Lynesss, Myers and Wark (1997) discussed the application of the Lateral Distribution
Method to a reach of the River Main in County Antrim. The reach used was
reconstructed as a two-stage compact compound channel comprising main channel,

flood-plain berms and flood banks as shown in Figure 2.15.

g

Figure 2.15 Plan view of the experimental reach of the River Main
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Figure 2.16 Typical cross-section of Section 14 the River Main

The reach as shown in Figure 2.15 is 800m long and has been the subject of detailed
observations. The surveyed cross-sections were located at intervals of 100m. Flow

gauging has allowed the computation of stage-discharge curves at the upstream end
(section 14) and the downstream end (section 6) of the reach. For section 14 the

gauging also produced the distribution of depth averaged velocities and unit width

discharges for a range of overbank flow depths.

The authors then applied various conveyance calculations to model the observed data.
Namely, the Single Channel Method (SCM), the Divided Channel Method (DCM)
and the Lateral Distribution Method (LDM) as developed by Wark et al (1990). The

authors showed that a reasonable level of accuracy can be obtained when using the

LDM for the estimation of energy and momentum coefficients & and f respectively,

and conveyance. The LDM was found to lie between the SCM and DCM conveyance
estimates for relative depths greater than 0.3. At very high depths the LDM
conveyance estimate tended to that of the SCM which is appropriate as the channel

will start to act as a single flow.

It was suggested that this technique (LDM) could be used as a conveyance table pre-
processor if incorporated in a one-dimensional river model. This is certainly plausible
however it needs to be tested over a significantly longer reach that 800m. By
incorporating this method into a one-dimensional model it could be observed how

improved the water level prediction would be.,

37



Chapter 2 Literature Review

2.5.3 The River Blackwater

The River Blackwater 1s a doubly meandering channel consisting of a lower channel
with a sinuosity of 1.18 and an upper channel with a sinuosity of 1.05. The study
reach is 520 m long and has been gauged at the upstream end and also comprises five
pressure transducers. River level and discharge are recorded continuously every 15

minutes. This reach has been specially constructed as a two-stage channel following
the building of a new trunk road and consequent relocation of part of the river. The

cross-sections are almost perfectly trapezoidal. Further information on this location

can be found in Wilson (1998).

2.5.4 _River Dane - Ervine and Macleod (1999)

These authors made an attempt to use the James and Wark method in tandem with a
one dimensional steady state river model. Interestingly this tool was applied to a Skm

reach of the River Dane in Cheshire. The reach of the River Dane used in this study is
highly meandering and well suited to the James and Wark method. The newly
developed model was a steady state one-dimensional river model combined with the

James and Wark channel flood plain interaction methods.

A pre-processing software was used to calculate stage conveyance relationships at
each surveyed cross-section. This information was then utilised in an explicit

computation of water surface profile, based on the energy balance equation.

This new “tool” was then validated against Flood Channel Facility Series B Data and
applied to two different natural flood events. The results of the field study were
compared with the industry standard river modelling package MIKE 11. This
comparison revealed that the new method, which accounts for interaction losses,

under predicted water levels in 14 out of 30 cross-section locations.

In theory you would expect the water level using the new method to be higher than a
method that simply applies bed friction. This implies that, at the cross-sections where

the water level is under predicted, the stage conveyance relationship is incorrect. An
additional limitation of this study was that there was only one location where

observed data was available. For further information on the River Dane, see Chapter
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5 of this thesis. A more robust 1D model containing the James and Wark Method is
discussed in Forbes and Pender (2000).

2.5.5 River Roding

A comprehensive set of data was collected on the River Roding in Oxfordshire which
is of meandering plan form. This data set, studied by Sellin et al (1985-89), can be
considered among the best available field data for meandering compound channel

flow. Full details of both the field and laboratory measurements taken in this study
can be found in Sellin and Giles (1988) and Sellin et al (1990).

The field study involved monitoring a stretch of the River Roding which had been

reformed as a two-stage channel as part of flood alleviation scheme. The existing
flood plains were excavated to form berms while the main channel remained
untouched with a bankfull capacity of 3m’/s. The resulting channel (shown in Figure

2.10) had a low tlow channel which meanders within the berm limits with a sinuosity

of 1.38. James and Wark (1992) applied their stage discharge method to this field
data and predicted that the discharge would be over predicted by 9.5% if bed friction

only was assumed.

The results shown in Table 2.01 show that the James and Wark method is performing
accurately in a natural situation. However, it should be noted that Mcleod (1998)

could not verify the Manning’s “n’ value used by James and Wark (1992).

It is proposed that further analysis of this study should be carried out to ascertain the

true performance of new conveyance calculation techniques.

Wark

FrctonOaly [ 95 [0 {73 |86
James and 1.7 2.2 3.2

Table 2.01 Errors in Predicting Overbank Discharges: Roding Study
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Figure 2.17 Study Reach of The River Roding

The aim of this review of literature has been to outline they key developments in the
field of compound channel research. It is not intended to be an exhaustive review but
rather to inform on current best practice. It is clear that there is still not a generally

accepted or robust method for calculating the discharge capacity for the meandering

case in particular. It is also evident that despite extensive research and modelling

applications, they have tended to be at laboratory scale. There are only a few field
studies reported 1n the literature and this is a feature that needs to be addressed. Also,
the main use of a new conveyance method would be best utilised within a one-
dimensional river model, where it would be used to calculate conveyance. This is
beginning to occur, Ervine and Macleod (1999), and would be the most practically

useful way of utilising the various methods.

As a consequence, 1t 1s the purpose of this thesis to develop a robust one-dimensional

river model that includes an enhanced conveyance calculation.
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3.0 Numerical River Modelling

In trying to simulate a river in flood the main aim is to accurately predict the changes
in water level and discharge as a flood wave passes through the river channel. By
simulating these changes we can then confidently design flood protection works or

assess flood risk for flood plain development or construction of bridges.

In order to simulate a river in flood, an engineer’s main tool is that of a one-
dimensional model. These models essentially predict discharge and flood levels for
given meteorological events, and can indicate the extent of flooding. The 1D model
has been used since the late 1970’s and are now commercially available and robust.

They are essential tools in water resource management.

One of the current industry leading models is called ISIS and has been used
extensively in this research project. ISIS was developed by Halcrow Consulting
Engineers in partnership with HR Wallingford. The background to this modelling
package and the information required to run it will be outlined in the following
section. It should be noted that the following procedure is similar to that of other

commercial models.

3.1 Model Data Requirements

In order to construct a numerical river model certain fundamental information is
required. Firstly, the river should be surveyed at locations where there is geometrical
change or a structure. This is normally decided by undertaking a walking tour of the
river reach. The interval between cross-sections should not be excessive and as a
general guide, no longer than 250m. Samuels (1989) provides some guidance on

locating cross-sections on rivers where the hydraulic conditions are not interrupted by

hydraulic structures such as bridges or weirs. The following equation gives a typical

backwater length (L).

0.7D

L=
SO

(3.01)

where, L = backwater length, D = water depth and S,= river bed slope
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In order to obtain a suitable distance between cross-sections the following equation is

used

AX = = (3.02)

Having decided on the survey locations a full topographical survey should be carried

out to provide cross-section information. An example cross-section is shown from the

River Kelvin.
- -
River Kelvin Cross-section 49
46
]
o 42
O
<
5 38
-
S 34
U
>
I 30
| 260
| 0 50 100 150 200 250
Horizontal Chainage (m)

Figure 3.01 Example of a Surveyed Cross-Section

The data obtained from the survey is then used directly to construct the numerical

model as shown 1n Figure 3.02.
The first stage in constructing a numerical model is to represent the river geometry

with numbers. This is achieved by surveying the river cross-sections at selected

locations, as shown in Figure 3.02.
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Figure 3.02 Numerical River Model

From the survey data it is possible to calculate the hydraulic properties of the river

channel. Namely, Area, Wetted Perimeter, Hydraulic Radius, Top Breadth,

Conveyance and Momentum correction coefficient.
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Figure 3.03 Numerical River Model
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In addition to surveying the channel cross-sections it is important to survey the

chainage of the cross-sections starting at section 1.

AX denotes a measured
distance between cross-
sections

Figure 3.04 Numerical River Model

The physical river data is modelled by the computer as shown in Figure 3.05
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Figure 3.05 Numerical River Model
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Figure 3.06 shows the solution technique of the numerical model, known as a finite
difference solution. Figure 3.07 shows the outcome of the solution technique i.e.

estimates of Q and H as each model cross-section.

Each horizontal line represents a time at which the flow and water level will be evaluated

ﬁt ' 5 | 33 s

&

Figure 3.06 Numerical River Model
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Figure 3.07 Numerical River Model
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3.1.1 Boundary Conditions

In order to calculate the flow and stage at each cross-section during the passage of a
flood wave it 1s necessary to provide the computer model with information on
conditions at the upstream and downstream boundaries. This information informs the

model what is occurring outwith the model area.

At the upstream end the boundary conditions can be either an inflow hydrograph or a
stage hydrograph. At the downstream end the possible boundary conditions can be an

outflow hydrograph, a stage hydrograph or a rating curve. The boundary conditions

mentioned are normally measured at river gauging stations.

Having obtained a detailed survey of the river and estimated the boundary conditions
at the upstream and downstream end the computational analysis can proceed. Two

different forms of analysis can be performed by a one-dimensional model namely a

steady analysis and a n unsteady analysis.

3.1.2 Boundary Layer Roughness

An estimate of boundary roughness is required at each data line in the cross-sectional
data file i.e. where there is a pair of co-ordinate points. The estimate takes the form of
Manning’s roughness coefficient ‘n’. Chow (1959) and Henderson (1966) provide

tables of estimates that are commonly used for reference.

The previous section has indicated the data that is required and how it is used by a
numerical model. The following section derives the fundamental one-dimensional

equations and discusses the finite difference solution scheme.
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3.2 Steady Flow Analysis

A steady flow analysis is often carried out in engineering practice to predict maximum

flood levels. These are of particular interest when designing flood protection works.

How high should this bank be to stop
/ the town flooding ?

Figure 3.08 Example of Steady Flow Modelling

The difference between steady state and unsteady state in modelling terms is in the

boundary conditions. A steady flow model requires an estimate of peak flow at the
upstream boundary and an estimate of maximum water level at the downstream end.

These values are normally related to a return period i.e. the 100 year return period

flow and corresponding 100 year return period water level.
The value of flow is assumed to travel through each model cross-section, which his

unrealistic. In reality, at any cross-section, the flow varies with time and in a steady

analysis only the maximum value is used and applied for an infinite duration.
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Peak Flow assumed to apply
over an infinite duration

o | /

Flow Hydrograph -
&«— | Flow varying with Time

Time

Figure 3.09 Flow Hydrographs for Steady and Unsteady Analysis

A steady flow analysis will result in a conservative approach as there is no variation in
flow. In order to observe the variation of flow with time an unsteady analysis is

required.

3.2.1 Unsteady Flow Analysis

An unsteady analysis requires information on the variation of flow with time,
normally at the upstream end. This is in the form of a flow hydrograph and is shown

in Figure 3.09. At the downstream boundary a rating curve or stage discharge
relationship is desirable. This form of analysis is considered more accurate, than a

steady state analysis, as 1t dynamic and simulates the actual passage of a flood wave.
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3.3 Numerical Derivation of The Saint Venant Equations

Introduction

In order to derive the one-dimensional flow equations certain assumptions are made.

e Across the section, velocity is uniform and the water level is horizontal.
e Streamline curvature is small and vertical accelerations are negligible, hence the
pressure is hydrostatic.

o Effects due to boundary friction and turbulence can be accounted for through the

application of resistance laws.

o The average slope of the channel bed is small enough such that the cosine of the

angle it makes with the horizontal may be replaced by unity.

Assuming that density is constant, one-dimensional open channel flow may be
described by two dependent variables: Flow (Q) and water level (h). The calculation
of two unknowns requires two equations, each of which must represent a physical
law. Fluid dynamics offers three such equations, namely: the conservation of mass,
momentum and energy. The mass-momentum couple of conservation laws can be
applied to both continuous and discontinuous flow variables Abbott (1970), and will

therefore be the basis of the succeeding derivation.
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3.3.1 St Venant Equations

Conservation of Mass
Consider an infinitesimal control element of unit width during a time dt, as shown in
Figure 3.10.

(oh/ot)dt

i‘«

"

/
o

u+(ou/ox)dx

Width

Figure 3.10 - Control Element

The accumulation of mass of the element during time d¥ is
dx 9 (ph)dt
Ot
The mass inflow into the element in the time d¥ is

puhdt

The mass outflow from the element in the same time is

[ puh + %(puh)dx]dt (3.03)
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Hence,

dx -éa-t- (ph)dt = puhdt — [puh + % ( puh)dx]dt (3.04)

Simplifying, to give the mass conservation law

0 0
(P 5 (A= (3.05)

For an incompressible fluid p is constant, hence this reduces to the volume

conservation law

oh O
-+ (uh) = (3.06)

3.3.2 Conservation of Momentum

The accumulation of momentum in the element over time dt is

%,

The impulse-momentum applied to and convected into the control element of Figure

2.01 in time d¥, is the momentum flux density multiplied by dt

2
p[uzh + -‘gg—-Jdt (3.08)

Convected out of the element in time 4! is

) o 2
[p(u2h+£2—]+-é;p[u2h+§-g—]dx}dt (3.09)
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Equating the net impulse-momentum inflow to the momentum accumulation gives the

momentum conservation law

9 O fons 8|2
Py (puh)rl-ax[p[u h+ > )J—-O (3.10)

Again, for constant density (incompressible fluid)

0 2
-é;(uh) + -a%[u’h +§g~] ={ (3.11)

3.3.3 Bed Slope

For a very small bed slope (i < 1:1000), it is convenient to take an x-axis along the

sloping bed and to measure water depth orthogonal to such as in Figure 3.11.

h dx

pgh dx i

SN

| — e
pgh dx

Figure 3.11 Influence of Bed Slope

Due to the small slope, the pressure exerted on the control element can be assumed to

be hydrostatic with a maximum of pgh at the channel bed. The mass equation

remains unchanged while the momentum equation becomes
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o 2
E(uh) + g-(uzh + _gg_) - ghi=0 (3.12)

3.3.4 General Cross-section

The equations can be further modified so that they describe the flow in a natural river

channel. That 1s, they may be extended to take account of variable cross-sectional

geomelry.

Taking out a small element from such a river section (Figure 3.12), a velocity

distribution coefficient f may be applied to the depth-averaged velocity # to provide

correction to the convected momentum mass.

Figure 3.12 General Cross-section

Mass and momentum conservation laws for the above element are then

%,
> (h'b) + -éa;- (h'bu) =0 (3.13)

61‘( 7). [ﬂ U’ + ; )+ ( > gh'bi, =0 (3.14)
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Where 4'is the depth and iy is the local bed slope. Differentiating out in equation

(3.13), it is found that the impulse terms with -22 cancel out and equations (3.13) and
X
(3.14) reduce to
B, 0
—(W'b)+—(h'bit) =
6t( )+6x( u)=0 (3.15)
0 ;1 — O _ Oh
—(h'bu) +—(BH'bit* )+ gh'b— =0 .
~ (1 bil) Pl CLLPAR 4 o (3.16)

Where h is now the surface level above some arbitrary horizontal datum.

If it 1s assumed that

° _(:9_h_ 1s constant across the width of the channel,

ox

e there is no net loss or gain of mass or momentum from one element to another,

and

then an integration can be carried out across the section giving

9-4- + o0 = 3.17
o ox 3.17)
o0 O O*? oh
—= 4 — = — =
Py ax(ﬂ y )+gA6x 0 (3.18)
where
A= Ih'dy
Q e Ih'ley — lTA
Y 4 : locitv dicteihig: :
= -Q-z- Lu (Boussinesq velocity distribution coefficient)
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3.3.5 Bed Shear Stress

From figure 2.3, the bed force resisting the flow down the channel is
z, Pdx (3.19)

where P is the wetted perimeter. For non-uniform flow situations, Henderson and
French prove that
4
T, = pg}—)-S f (3.20)

Equating these two equations yields an expression for the bed force resisting flow

down the channel

pPgAS ;dx (3.21)

where St is the gradient of the total energy line also known as the friction slope.

Inserting into equation 2.2.9

Q2

0 % oh
—-—Q-+——[ﬂ7J+gA-5x-+gASf = () (3.22)

ot Ox

3.3.6 Evaluation of the Friction Slope

The friction slope St can be evaluated using any of the steady state friction laws

0=K.[S, (323)

where K is the channel conveyance.
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Rearranging
2
s, =L (3.24)

From Manning’s equation

AR AR
= S where K = 3.25
0 » \/ f r y ( )

In any model based on the St Venant hypotheses, the energy slope is assumed to be
representative of the reach between two computational points. However, as the
conveyances K are properties of the cross-sections at either end of the reach, the
problem arises as to how to interpolate between them in expressing S, Different

methods of calculating the friction slope term can be found in Lyness and Myers
(1994).

3.3.6.1 Conveyance
Conveyance is defined by Chow (1959) as a measure of the carrying capacity of a

channel section, since it is directly proportional to Q. The estimate of conveyance is
assumed to include account for energy losses that are occurring in a system.
However, all energy losses are “lumped’ in to the be roughness parameter ‘n’. This is

generally accepted practice in industry despite being fundamentally flawed.

AR%

n

K

3.3.6.2 Beta Parameter

Beta is used in the conservation of momentum equation of the St. Venant equations

and as it is normally close to unity, it can be generally assumed that =1 for practical

situations, Lyness, Myers and Wark 1997. In fact, the ISIS Direct Steady Method

assumes [3=1 while the unsteady solution calculates Beta using the following

relationship.
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(3.27)

As can be seen from Equation 3.27 the Beta parameter is calculated from the

geometrical information.

3.3.6.3 Cross-Sections

Each model cross-section is assumed to be representative of the distance between

three consecutive cross-sections.

Representative
Length of each

Model cross-section

I
section 3
. : Cross-
el;:()t?(in , section 2
S

Figure 3.13 Representative Reach length of a River Model Cross-section

This representative reach length tends to be in the region of 150-300m in practical

engineering studies.
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3.3.7 Final Equations
Rewriting equation 3.17 in terms of Q(x,t) and h(x,t)

oA odoh |, oh
az( ) oh ot b ot (3:27)

and substituting expression for friction slope in equation 3.22 yields the St Venant

Equations

6h+1 oQ

> T35 0 Continuity  (3.28)

—=+—| f=— |+ gAd— + g4 = () Dynamic (3.29)

80 & 2 oh 00|
o axl” 4 ox ° K?

Where a lateral tlow exists between the flood plains and the main channel, equations
3.28 and 3.29 become

oh 10

oh 1o . Continuity (3.30)
ot b ox

o0 o ,0° oh Q0 :

m + _é.x_(ﬂ -A—) + gA_gx_ + gA-I-%-Z_‘- = Dynamic  (3.31)

The inclusion of the lateral flow term in the dynamic equation had negligible effects

on the predictions of flow and water level; therefore its contribution to momentum

conservation has been ignored.
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3.4 Numerical Solution - Preissmann Four-Point Implicit Scheme

Because analytical solutions are not available for the continuity and dynamic
equations, the solution of such is normally undertaken through the use of finite

differences. The basis for such a method is that the behaviour of the continuous
variables, which describe the state of flow, can be evaluated at a discrete number of

grid points within the space-time domain.

Several solution techniques exist whereby the differential equations are replaced by

divide differences. Schemes developed by Preissmann, Delft Hydraulics Laboratory,

Abbott-Ionescu, Vasiliev and Gunaratnam-Perkins are all detailed by Cunge et al.
Only the Preissmann four-point implicit scheme will be detailed in this instance, as it

is the solution technique that is used within the ISIS program.

Figure 3.14 shows four points in the x-t plane at distances x; and x;+; and times t" and

t**! at which the flow variables Q and h are to be determined.

n+l
Scheme
Centre 0
At e
Time
j Ax/2 Ax/2

Space

Figure 3.14 - Preissmann Four-Point Implicit Grid
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In the Preissmann scheme, the space and time derivatives &7é and d/a (where the
function f is usually flow (Q) and water level (h)) are represented by a weighted
average of the values of f at four solution nodes, divided by the space and time
increments respectively. For the space derivative, the weighting factor 0 is a given
value between 0.5 and ‘1.0, and for the time derivative the weighting factor is fixed at

0.5. Thus,

g -5 (= 17) (3.32)
o Ut -a - 1) (3.33)
ot 2At

As these equations have been written in general form, the interested reader is referred
to Cunge et al (1980). It should be noted that the above equations contain four
unknown quantities: stage and discharge at the time level n+1 and at space positions f
and j+I. As a result, the equations cannot be solved explicitly. For any

computational grid of N points, 2N-2 equations with 2N unknowns (N values of Q,
and N values of h) exist. Therefore two additional equations are necessary to solve

the problem. These come from the boundary conditions.

Boundary conditions define the limits of the modelled river system. That is, they

describe the characteristics of the flow at the upstream and downstream ends of the

river reach. Boundary conditions that can be employed are as follows:

e h"'' =ft) ~Stage as a function of time (Stage Hydrograph)

Downstream

o Q! =ft) ~ Flow as a function of time (Flow Hydrograph)

o h"*! = ft) ~ Stage as a function of time (Stage Hydrograph)

. QU"” = f(hﬂ"” ) ~ Relationship between stage and discharge (Rating Curve)
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For subcritical flow, typical boundary conditions that are used in river modelling are

the upstream flow hydrograph and a downstream rating curve.

With these extra two equations, the 2NV unknowns can be solved simultaneously across
all grid points at each succeeding time level. Due to the non-linear nature of these
equations, some form of iteration technique must be employed (usually the Newton-

Raphson Method (see Appendix 4)). The solution of the finite difference equations in
their Newton-Raphson form is carried out using matrix methods. To solve for stage
and discharge at the next time step requires a knowledge of cross-sectional area (A),

top breadth (B), conveyance (K) and momentum correction coefficient (B) at the next

time step.

These parameters are normally calculated at each cross-section for a number of

different water levels, the values of which are held in a database. Once the data tables
have been calculated for each cross-section, the numerical model can interpolate in
these during the solution procedure to obtain satisfactory estimates of area, top

breadth, and conveyance.

From this, the Preissmann four-point implicit technique may be summarised as

follows

e Construct the system of 2N-2 continuity and dynamic equations in finite
difference form

e To form the additional two equations, set up upstream and downstream boundary
conditions

o Solve the system of 2N equations using matrix methods and using current values

of A, B and K as initial estimates of A ,B, K at the next time step
e Using the Newton-Raphson technique, repeat the solution of the 2N equations

with the computed values of A, B and K until convergence is achieved

e Repeat all of the above for each time step, for the duration of the unsteady flow

event.

A more detailed description of the Preissmann scheme can be found in Cunge et al
(1980), Preissmann and Cunge (1961) and Abbot (1970)
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4.0 Incorporation of new Methods To ISIS

During the last decade, extensive research has been carried out on modelling the
secondary losses resulting from overbank flow (See Chapter 2), with several new

alternatives being proposed for the Single Channel Method and Divided Channel
Method. Two of these methods, the Ackers (1991) and the James & Wark (1992)

method, have been incorporated into the current ISIS software in an attempt to
enhance the conveyance calculation in the computer model. When the water level is
above bankfull level and river flow interacts with flood plain flow both methods
account for energy losses other than bed friction. Essentially, these methods were
chosen as they are recommended by the Environment Agency. Although more
sophisticated methods are currently available they have not been proved to be, in

practice, any better than those selected here. Further Details of the methods can be
found in Ackers (1991), James and Wark (1992) and Forbes (1998).

4.1 Identification of Requirements For Code Modification

In order to discover how best to incorporate both the Ackers Method and the James
and Wark Method into ISIS, a detailed examination of the existing ISIS source code
was made. This code, previously known as ONDA, has been constantly developed

over the past 26 years. The original ONDA software forms the basis of the current

ISIS software.

All one-dimensional river models require to calculate cross-section properties, such as

cross-sectional area, main channel top breadth, conveyance and the momentum
correction coefficient. In fixed bed models this is normally undertaken as a pre-

processing calculation where tables of water level versus cross-sectional area, top
breadth, conveyance and momentum correction coefficient are computed for each

cross-section prior to the start of the flood routing computations.

Once the section properties are calculated they are stored in an array which is often
referred to as the “Conveyance Tables”, In the existing ISIS source code this
calculation was undertaken in a subroutine titled PRRVR. Developing an
understanding of the existing PRRVR was difficult since no list of variables was

available and, many years of de