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SUMMARY
The work of this thesis is an experimental study of flow 

behaviour in meandering compound channels. The work was 
carried out as part of an S.E.R.C. Research Grant( GR/E/75783) 
and a large component of the data was measured at the S.E.R.C. 
Flood Channel Facility located at H.R. Wallingford Ltd. A smaller 
component of the project was carried out in a flume at the 
University of Glasgow.

The purpose of the research was to identify the main flow 
mechanisms in meandering compound flow, to carry out detailed 
measurements of all the flow parameters, to provide refined flow 
data for numerical models, and to provide a framework for 
understanding such complex three dimensional flows so that
hydraulic Engineers would be more able to predict stage-discharge 
relationships, design two-stage channels and improve 
understanding of morphology of river forms during overbank flow.

The Flood Channel Facility at Hydraulic Research Wallingford 
Ltd is 10 m wide and 50 m long with discharge rates in excess of 
1 m /s. The main experimental parameters varied were main channel 
sinuosity( 1.374 and 2.04), main channel cross-section( 
trapezoidal and natural cross-section), depth ratios( floodplain 
depth/main channel depth) varying between 0 and 0.5 as well as 
several variations of floodplain roughness. The measurement
programme included discharge measurements, local water levels by 
digital gauges, streamline angle measurements, velocity 
measurements in two dimensions by mini-propellers, Reynolds shear 
stress and turbulence intensities by Laser Doppler Velocimeter, 
boundary shear stress measurements by Preston tube, producing a 
large comprehensive data set.

A smaller scale complementary physical model study was also 
conducted at the University of Glasgow investigating the
behaviour of one channel bend during overbank flow.

The research has shown very clearly that meandering compound 
flow behaviour bears little or no resemblance to straight 
parallel compound flow. Large secondary flow structures are 
developed which are driven by floodplain flow crossing the main
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channel. These cells are transmitted to the bend regions where 
they completely overcome conventional bend secondary flows 
causing reversal of cell direction at the bends. Beyond the apex 
of each bend these cells decay and dump fluid from the main 
channel on the floodplain on the downstream side.

A detailed parametric study in this thesis also reveals that 
discharge conveyance in meandering compound flows depends on 
sinuosity of the main channel, floodplain roughness, main channel 
aspect ratio and cross-sectional shape, as well as the ratio of 
meander belt width to total floodway width.

Analysis of results in this thesis also reveals the energy 
distribution and loss system in meandering compound flows, the 
flow discharge distribution in each sub-section of the flow field 
as well as how the force-momentum balance can be applied in such 
flows, although the later analysis shows the difficulty in 
producing any trends in apparent shear force, comparable to 
straight/parallel cases. The thesis concludes with some pointers 
to one-dimensional model which might be adopted for discharge 
conveyance calculations.
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NOMENCLATURE 
A = Total cross-section area 
A = Main channel cross-sectional areac
Â  = Floodplain cross-sectional area 
ASTg = Apparent shear stress 
a = The meander double amplitude 
B = Main channel top widthc
Bf= Floodplain bottom width
BW. = Body weight component
BSF. = Boundary shear force component
C = The Chezy roughness coefficient
COH = Section coherence
CL = Cross-over length
D = Local flow depth
d = Diameter of the Preston tube.
F = Actual discharge/theoretical discharge for inbank flows 
F4 = Actual discharge/theoretical discharge for overbank flows 

using imaginary vertical walls method 
Fs = Actual discharge/theoretical discharge for overbank flows 

using imaginary horizontal walls method 
f = The Darcy-Weisbach friction factor 
f = Friction coefficient for a flow around a bendc
f = Frequency of the Doppler shift 
f = Frequency of scattered light 
fa = Frequency of incident light 
g = The acceleration of gravity 
H = Total flow depth 
h = Floodplain flow depth 
h = Head loss

L

K = Turbulent kinetic energy per unit mass 
if = Main channel roughnessm

Floodplain roughness 
lg= Length scale related to the width of the lateral shear layer
M = Momentum flux

i jn = The Manning* s roughness coefficient
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P = Wetted perimeter of the total cross-section 
P = Wetted perimeter of the main channel

C
Pf= Wetted perimeter of the floodplain 
PF^ Pressure force component 
A P = The Preston tube readingpp = Pressure
q = Longitudinal unit flow( discharge per unit width)
R = The hydraulic radius
[R = The Reynolds Number ( 4Q/Pî )
R =5 Central radius of a river bendc
r = Sinuosity of a river meander 
r = General radius of a river bend 
Sq= Bed slope
s^= Longitudinal slope of channel bed
s = Lateral slope of channel bedyU = Average Streamwise Velocity 
U^= Shear velocity ( >I(t: /p))
u'= Fluctuation velocity component in the longitudinal direction
- puv = Reynolds stress
- puw = Reynolds stress
V = Average transverse velocity 
v//t = The resultant velocity
A V = Velocity difference across the lateral shear layer
v'= Fluctuation velocity component in the transverse direction
W = Average vertical velocity
W = Total channel width of a compound cross-section 
W = Meander belt widthm
w'= Fluctuation velocity component in the vertical direction
x = Longitudinal coordinate direction
y = Lateral coordinate direction
z = Vertical coordinate direction
Zp= the lateral distance across floodplain
a = Cross-over angle of a meander
5 = Width of the shear layer
5 = Distance between fringes
r = Local bottom shear stresso

(LV)



t = Depth averaged apparent shear stress at the interface mainas
channel/floodplain 

t = Shear stress for channel bottomb
z = Bottom shear stress at the junction floodplain/main channelt> j
z = Bottom shear stress on the main channel

C
z = Bottom shear stress on the floodplain 
z = Shear stress for channel side wallw
t = The plateau shear stress on the bed of a wide floodplain 
z^= Depth averaged transverse shear stress 
e = Rate of dissipation of the turbulent kinetic energy 
0 = Index of the relative flow depth 
© = Angle between laser beams
$ = Index of the degree of interaction between main channel and 

floodplain for straight compound channels 
v = Kinematic viscosity

= eddy viscosity arising secondary currents 
u = eddy viscosity arising from turbulence 
X = The meander wave lengthm
X = Wave length of incident light 
p = Fluid density 
y = Specific weight
© = Angle of the current in relation to the streamwise direction

(LVI)
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CHAPTER 1

INTRODUCTION

1.1 RIVERS and FLOODPLAINS

Rivers have always been a focus of ancient and modern 
civilisations. Many benefits can be obtained from rivers such as 
a supply of drinking water, water for irrigation, access routes 
to the sea and a possible source of power. Rivers also perform a 
primary function in land drainage and a secondary more dubious 
role in waste disposal. Benefits such as these explain why 
communities settled near rivers on the adjacent floodplains, 
where the soil is naturally excellent for farming. However, there 
is at least one significant hazard associated with human 
settlement on the floodplains adjacent to rivers, the risk of 
flooding. Another risk is meander migration and development.

The occurrence of river-floods can have serious consequences 
to such communities, occasionaly resulting in the loss of lives 
and damage of property. As industry, electricity and water supply 
are disrupted by floods, the financial consequences are very 
high. Flooding can also pose serious health risks, especially if 
the sewage system becomes completely drowned, resulting in sewage 
backing-up and possible contamination of the water supply system. 
In order to minimise these adverse impacts, it is important to 
have efficient floodplain and river management. This will benefit 
communities and will maintain the balance of the natural 
environment.

It is common practice of river engineers to use floodplains( 
which are low lying areas adjacent to the river) as flood 
storage, forming wetland environments. With the progressive 
growth of the urban communities, these wetlands should be 
adequately protected from development and land use. River 
management should also include a careful control on the degree of 
river water contamination, including sewage and other kinds of 
hazardous wastes. Another key area of management is flood
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defence, flood alleviation and flood control.

1.2 CONTROLLING FLOODS

Flood control in rivers can take many forms. These include
(i) The construction of regulating reservoirs in the upstream 
reaches of a river, which can attenuate the peaks of major floods 
and generally act to smooth-out fluctuations in river flows.
(ii) The construction of floodplain temporary storage areas, 
where floods are diverted during the rising and peak floods, and 
drain back to the river during the falling leg of a flood 
hydrograph.
(iii) The use of sluice gates on a river reach can also prove 
effective in controlling flood levels and minimising flooding 
effects.
(iv) Other more localised measures include the raising of flood 
defense walls especially in urban areas and the use of flood 
relief channels to bye-pass very sinuous meanders.
(v) Perhaps one of the most common solutions adopted by river 
engineers is the straightening, widening and deepening( dredging) 
of a river course, allowing a more efficient passage of a flood. 
This can have very serious environmental consequences such as 
removal of trees, natural vegetation, as well as disturbing wild 
life and fish life. This is further compounded by the 
introduction of gabions in many cases which can be an eyesore.

A new solution has been developed, namely, the two-stage 
channel and its concept is described below.

1.3 THE COMPOUND CROSS-SECTION - A BETTER SOLUTION

The term "compound cross-section" or " two-stage channel is 
defined as a channel with a cross-section whose berms (or 
floodplains) are normally dry, but in a period of high flood, the 
berms become inundated. The cross-section shape of a compound
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channel contains a central deep channel with symmetrical side 
berms with horizontal or shallow side slopes. The side berms can 
be symmetrical on either side of the main channel, or 
asymmetrical, rough or smooth boundaries. In essence, the main 
river is allowed to remain in its original condition preserving 
natural habitat, and the only disruption is the creation of side 
berms, which can be quickly grassed over retaining a natural 
look.

Sellin(1991) points out that the concept of a compound 
channel as shown in Fig(l.l(a)) is not new, but the construction 
of the type shown in Fig(l.l(b) has become widespread only in 
recent years. The old concept of straightening rivers has become 
discredited, because it affects the landscape and destroys the 
wildlife habitats.

Pursglove(1989) considers that the construction of the 
two-stage channel is an environmentally sensitive method of 
coping with river floods. With this solution, the river is 
allowed to meander more or less as before and the wild habitat 
vegetation and trees left unaltered. Figs(1.2(a)) and Fig(1.2(b)) 
shows the two-stage channels constructed for the River Roding in 
Essex and River Ray in Oxfordshire (U. K. ). Both cases have been 
discussed in detail by Pursglove(1989), particularly the River 
Roding, for which Sellin and Giles(1988) have carried out a 
detailed experimental investigation. In Fig(1.2(a)) the berms are 
cut-back as far as the limits of the meanders, replanted in 
grass, forming an upper confined channel( or floodplain) which 
inundates with some regularity during the winter high flows. In 
Fig(1.2(b)) an existing tree-line is retained by forming the 
upper channel on one side only.

Ackers(1991) emphasises the environmental, ecological and 
hydraulic advantages of two-stage channels. He pointed out that, 
compound cross-sections show more natural appearance and the 
berms or floodplains provide useful habitats for waterside 
vegetation and wildlife. However their use should be compatible 
with inundation from time to time. Therefore precautions should 
be taken in which concerning the forecast and duration of the
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inundations. The hydraulic advantage of compound cross-section
stems for the increase of conveyance for a given stage. This 
benefit is not as great as expected because there is an
interaction mechanism between the zones of different depths and 
consequently the discharge is slightly reduced at flows depths
slightly greater than bankfull level. The deep section inserted
in the compound cross-section is likely to be self-maintained in 
sediment point of view than a single wider section with same 
discharge capacity.

1.4 BACKGROUND AND PURPOSE OF THE WORK

In a world where the public is more and more concerned about 
the ecological aspects of the planet, the utilization of 
two-stage channel could be a more sensitive approach for dealing 
with river floods without damaging the natural environment.

The mechanics of flow in such two-stage channels presents 
the hydraulic engineer with several problems. How can the stage 
discharge-curve relationship be predicted with accuracy? What are 
the most significant main channel/floodplain interactions? What 
is the effect of the floodplain( upper channel) roughness? What 
is the effect of sinuosity and planform of the main( lower) 
channel? What is the effect of main channel size, shape and 
aspect ratio? What is the long term behaviour of such two-stage 
channels in view of the fact that larger floods carry most of the 
annual sediment transport load, and will now carry part of that 
load anto the side berms( Ervine and Jasem(1992)).

As shown schematically in Fig(1.3), two-stage channels can 
be classified into three main groups:

(i) Straight/parallel compound channels, where the main 
channel is straight.

(ii) Skewed compound channels, where the main channel is 
skewed in relation to the floodplain direction.

(iii) Meandering compound channels, where the main channel 
presents a certain degree of sinuosity.
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By the mid eighties, it was felt that the general area of 
river flooding, overbank flow in natural rivers, as well as 
two stage channels warranted an extensive research programme at a 
larger scale than previous model studies.

A strategy report, entitled " The Report of Research
Committee Consultative on Flood Protection " published by MAFF( 
Ministry of Agriculture, Food and Fisheries) in April of 1985 
recommended the construction of a large Scale Facility at
Hydraulics Research Ltd, Wallingford U. K. , with the research
conducted by academic teams, and research grants sponsored by the 
Science and Engineering Research Council(S.E.R.C.).

The strategy was to investigate straight and skewed cases, 
in (i) and (ii) above in the period 1986-89, meandering compound 
flow, (iii) above, from 1989-91, and finally sediment transport 
studies in compound flows from 1991-94. These sub-divisions were 
known as Series A tests(1986-89), Series B tests( 1989-91) and
Series C tests( 1991-94). Series C tests have not yet started due 
to lack of S.E.R.C. funding.

The work of this thesis is firmly in the realm of Series B 
tests and was carried out between 1988-1991 with the first year 
spent solely at Glasgow University and remaining two years 
alternating between Glasgow and S.E.R.C. flume at Wallingford.

The initial Series A involved four Universities, namely 
Birmingham( Dr. Knight and Dr. Shiono), Bristol( Dr. Sellin and 
Dr. Elliot), Ulster( Dr. Myers and Dr. Brennan) and Queen Mary 
and Westfield College( Dr. Wormleaton and Dr. Merrett), 
respectively. The results obtained from this project were 
decisive in providing deeper insights into the flow mechanisms 
and modelling of straight compound channels. Today it is already 
possible to design straight compound channels with a good degree 
of confidence. However, the flow mechanisms that develop in 
meandering compound channels present a degree of complexity much 
greater than the straight case. The interaction mechanism between 
the main channel flow and the floodplain flow is complicated by 
the presence of bends and cross-over regions in plan form. With 
the exception of U.S.Army Corps of Engineers(1956), experimental
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studies of meandering compound flows have been performed in 
flumes of modest size and with instrumentation of limited 
capacity. Therefore the knowledge of mechanics of the flow in 
meandering compound channels was quite limited, and the Series B 
programme was therefore a natural progression from Series A. Five 
Universities were involved in the project: Aberdeen (Prof.
Willetts and Hr. Hardwick), Bristol( Prof. Sellin and Hiss 
Greenhill), Birmingham( Dr. Knight and Dr. Fares), Glasgow( Dr. 
Ervine and the Author), as well as more specialised tests by 
Sheffield( Dr. Guymer and Hr. Brockie). The project was performed 
in the same facility 10m wide by 50 m long, with discharges up to 
lm3/s, and equipped with sophisticated measurement devices, such 
as orifice meters for flow discharge measurement, digital gauges 
for stage recording, vane for streamline measurement, 
mini-propellers for flow velocity measurement, Preston tube for 
boundary shear stress measurement, Churchill Probes for water 
surface level measurement and Laser Doppler Velocimeter( L.D.V.) 
for Reynolds shear stress measurement and turbulence intensity 
measurement. This flume was located at Hydraulic Research Ltd, 
Wallingford, U.K..

The list of objectives of this research work were:
a) To investigate the behaviour of sinuous and meandering river 
channels during episodes of overbank flow onto adjacent 
floodplains.
b) To investigate the behaviour of sinuous and meandering 
two-stage channels with flow on the adjacent side berms, in terms 
of stage-discharge, flow resistance, discharge distribution and 
momentum exchange.
c) To identify the physical flow mechanisms existing in both 
cases above, for a range of meandering geometries, overbank flow 
depths, bed formation, floodplain roughness values and discharge 
rates.
d) To determine the influence of flow depth, main channel 
sinuosity, main channel shape, size and aspect ratio, floodplain 
roughness, floodplain width, and local water levels on the 
conveyance of meandering compound flows.
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e) To determine the magnitude of energy loss distribution in 
meandering compound flows, including losses due to bed friction, 
losses due to bend sinuosity, losses due to floodplain flow 
shearing over the main channel and losses due to turbulent 
co-flowing shear layers.
f) To carry out detailed measurements of stage, discharge, water 
surface levels, velocities, boundary shear stress and turbulent 
flow structure for a range of geometries and parameters.
g) To provide accurate and refined flow data for use in numerical 
river models, both one-dimensional, two-dimensional and also 
turbulence models.
h) To analyse scale effects, when comparing S.E.R.C. flume Series 
B data with data from small scale flumes and field measurements.. 
(i) To use the boundary shear stress and velocity data for 
analysis of sediment deposition and scour as well as broader 
river morphological effects.
j) To propose a theory or model predicting stage discharge
in meandering compound flows.
k) To complement the work at the SERC flood channel facility ( 
Series B) with the information obtained from smaller scale 
studies at Aberdeen, Bristol, Glasgow, Birmingham and Sheffield 
Universities. Aberdeen concentrated on overall flow structures, 
Bristol cross-over effects where flood plain flow passes over the 
main channel at the inflexion points. Glasgow investigated the 
behaviour of bends during overbank flow and Sheffield 
dispersion in complex river flow situations. The role of 
Birmingham centred on the turbulence and boundary shear stress 
measurements.

In order to accomplish list of objectives presented above, 
the following parameters were varied in S.E.R.C. flume Series B:
- Sinuosity: 1.37 and 2.04, corresponding to cross-over angles of 
60° and 110°.
- Main Channel Cross-Section: Trapezoidal and "Natural"
- Floodplain Roughness: Smooth and Fully Roughened Cases.
- Stage: between 50mm and 300.0 mm( inbank and overbank cases).
- Discharge: between 50 1/s and 1000.0 1/s.
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This programme has now provided the largest and most 
comprehensive data set available in the world on the meandering 
compound flows. It is not possible to present all the data in 
this thesis. Instead the data of this thesis is limited to 
representative examples of the data and detailed analysis carried 
out by the Author.

1.5 LAYOUT OF THE THESIS

This thesis sets out primarily to present data from the 
S.E.R.C. flume Series B test programme, to present data from 
smaller scale model study at the University of Glasgow, and to 
carry out analysis of the data for more general use in the field 
of river engineering and also numerical modelling.

Chapter 2 presents a literature review covering straight, 
skewed and meandering compound flows. Each topic includes the 
description of
- Flow mechanisms that develop in meandering compound flows.

The parameters that affect the conveyance of meandering 
compound channels.
- Physical and numerical models of meandering compound flows.

Chapter 3 describes the design, construction, calibration 
and running of the S.E.R.C. flume at Wallingford during Series B 
test and the small scale Glasgow flume. This includes the choice 
of meander geometries, flow parameters, instrumentation, 
calibration tests, cross checking, research programme, 
methodology followed in the tests and a detailed description of 
each instrument used in the measurement programme.

Chapter 4 presents the stage-discharge data from a range of 
geometries tested on the S.E.R.C. Series B. The flow resistance 
in meandering compound channels is made in terms of the 
relationship between the Manning's n resistance coefficient 
against the stage and in terms of the Darcy-Weisbach friction 
factor with the Reynolds number. This analysis was performed with 
data from S.E.R.C. Series B and compared with data obtained from
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S.E.R.C. Series A. The first parametric analysis on the influence 
of a range of parameters on conveyance in meandering compound 
flows is also presented in this chapter.

Chapter 5 presents detailed velocity data, description of 
flow mechanisms, analysis of flow structures such as secondary 
currents and longitudinal velocities and the implications of 
these flow mechanisms for sediment transport in meandering 
compound flows. The data used in the analysis was from S.E.R.C. 
flume Series B and from Glasgow flume.

Chapter 6 presents a detailed analysis of the S.E.R.C. flume 
data in terms of the distribution of the discharge in each sub 
section of the flow, distribution of energy and energy loss in 
meandering compound flows, as well as force-momentum balance and 
apparent shear stress approximation.

The purpose of Chapter 6 is to provide the background and 
basis of a new model being developed at the University of 
Glasgow, which aims to provide a simplified modelling technique 
for meandering compound flows in general.

Chapter 7 proposes new ideas towards a model of meandering 
compound flows, summarises the conclusions presented in Chapters 
4, 5 and 6 and indicates new topics for further research in
meandering compound flows.
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CHAPTER 2

LITERATURE REVIEW

2. 1 INTRODUCTION

For more than thirty five years, experiments and calculation 
methods for the flow field in compound open channels have been 
carried out experimentally and numerically. Because the flow 
behaviour in compound channels is a complex phenomenon, the 
investigation of this subject has concentrated on the least 
complex case, namely that of straight compound flow. In the last 
few years skew compound flow has been investigated and most 
recently meandering compound flow, which is the subject of this 
thesis. Progress in electronics measurement instrumentation, as 
well as large increases in computational power has led to a 
significant extension and shift in compound channels flow 
research. Secondary currents, the distribution of turbulence 
quantities and the complex three-dimensional character of the 
flow situation are now focal topics of recent experimental work 
on compound channels. The progressive refinement of 
one-dimensional stage/discharge relationship and empirical 
friction factor formulae by 2-D and 3-D numerical models have 
become recent research topics of mathematical modellers 
worldwide.

In this chapter the Author summarizes the most important 
findings of research on flow behaviour on compound channels 
carried out worldwide. The literature review is organized into 
three main topics:

- Straight Compound Channels
- Skew Compound Channels
- Meandering Compound Channels 

reflecting the increase in complexity in each case.
Each topic is subdivided into the following points:

- Flow Mechanisms
- Stage-Discharge Relationships
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- Flow Resistance
- Primary Velocities
- Secondary Currents
- Discharge Assessment

For the particular case of straight compound channels the 
review includes also the following topics:

- Boundary Shear Stress
- Turbulence Intensities and Reynolds Shear Stress

2.2 STRAIGHT COMPOUND CHANNELS

2.2.1 Flow Mechanisms in Straight Compound Channels

It was mentioned by Goncharov(1964), that research into the 
interaction between the flow in a straight channel and a parallel 
flood plain started in 1953 by T.L.Zheleznyakov, who reported the 
occurrence of the reduction of flow velocity in the main channel 
bordered by a submerged floodplain.

Since that date, the investigation of flow mechanisms in 
straight compound channels has been carried out almost 
continuously worldwide, mostly in flumes of modest size.

The most recent effort started in 1986 in the U.K. and 
sponsored by the Science and Engineering Research Council 
(S.E.R.C.). The research program, entitled Series A, had a 
duration of three years with an aim to investigate overbank flow 
behaviour in straight compound channels with a view to providing 
refined data for numerical models. The research was carried out 
in a large flume facility, 50 metres length and 10 metres wide 
located at Hydraulics Research Ltd, Wallingford. The experimental 
programme included detailed measurements of stage, discharge, 
velocity boundary shear stress, turbulent velocities and 
turbulent shear stress. During the test program, several 
parameters were varied including the aspect ratio of the main 
channel( top width/bankfull depth); aspect ratio of floodplain 
width to main channel width; the number of floodplains; the side
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slope of main channel; and the roughness of floodplain compared 
with the roughness of main channel. This research programme was 
supervised by Dr. D. Knight from Birmingham University, Prof. R. 
Sellin from Bristol University, Dr. Myers from University of 
Ulster and Dr. Wormleaton from Queen Mary and Westfield College. 
Fig(2.1) illustrates a typical cross-section used in S.E.R.C. 
flume.

The main flow mechanism in straight compound channels is the 
appearance of higher velocities in the main channel and smaller 
velocities on the floodplain. This disparity can lead to large 
velocity gradients in the region of the interface between the 
main channel and floodplains, which will create turbulence and 
produce momentum transfer from the faster moving fluid to slower. 
This phenomenon, as presented in Fig(2.2), by Knight(1991) is 
better visualised as being a vertical shear layer at the 
channel/floodplain interface. Sellin(1964) presented photographic 
evidence of banks of vertical vortices generated in this region, 
which suggested a mechanism of momentum transfer from the fasting 
moving layers to slower moving layers. These vertical vortices, 
shown in Fig(2.3), are considered to cause substantial energy 
loss and to induce secondary currents, as well.

Momentum transfer consists of two components, namely 
advection by secondary currents and turbulent diffusion. The 
latter consists of bed and wall friction and shear due to 
velocity gradients. Kawara and Tamai(1989), have investigated 
experimentally the momentum transfer across the interface main 
channel/floodplain in straight compound channels. They suggested 
that secondary currents play a dominant role in the resulting 
flow characteristics of momentum transfer to floodplain from main 
channel. Fig(2.4) shows the relative magnitude of advection and 
diffusion components.

2.2.2 Flow Resistance in Straight Compound Channels.

The equations of Manning and Chezy have been used widely by
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River Engineers for the analysis of flow resistance in prismatic 
open-channels. However the American Society of Civil Engineers 
Task Force Report on Friction Factors has recommended the 
adoption of the Darcy-Weisbach equation for scientific work. The 
advantages of using the Darcy-Weisbach friction factor are that 
it is a non-dimensional parameter and it can be compared with 
results of pipe flow experiments. The three resistance equations 
can be related by the following equation:

C = R 1/6 / n = (8 g / f )1/2 (2.1)
where C is the Chezy roughness coefficient, n is the Manning's 
roughness coefficient, R is the hydraulic radius, g is the 
acceleration of gravity and f is the Darcy-Weisbach friction 
factor.

Compound channel behaviour is complicated by the presence of 
momentum transfer mechanism which affects the conveyance of the 
channel considerably. This mechanism takes the form of a bank of 
vertical vortices that spread along the interface of main channel 
with floodplain. Sellin(1964) and Zheleznyakov(1965) reported the 
presence of this mechanism and demonstrated its effects in terms 
of reduction of deep section discharge and velocity at depths 
just above bankfull.

Knight et al.(1989), Myres and Brennan(1989) and Ervine and 
Ellis(1987) have carried out research on flow resistance on 
compound channels. These have shown that simple resistance 
relationships developed for single cross sections can not be 
applied for compound channels, particularly in view of large 
changes in hydraulic radius R for flow depths just above bankfull 
level.

Myers and Brennan(1989) have presented the most exhaustive 
study of flow resistance in straight smooth compound channels, as 
part of the SERC Series A research program already mentioned in 
point 2.2.1. They established flow resistance relationships for 
compound sections and for the main channel itself and floodplain 
itself, both in terms of Manning's and Darcy-Weisbach resistance 
coefficients simple channel shapes. Their results are presented 
in Fig (2.5) and show that both resistance coefficients reduce
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significantly in value at depths just above bankfull but increase 
to simple channel values with increasing depths of flow on the 
floodplain. They conclude that resistance relationships for 
compound channels are of more complex nature than those 
applicable to simple channels, indicating the presence of other 
variables relating to the influence of momentum transfer 
mechanism.

Based on field measurements at Montford bridge on the river 
Severn(Fig(2.6(a))), Knight(1989) noticed similar behaviour for 
the variation of Manning coefficient against stage. He also 
refers the existence of a loop for the variation of Darcy 
Weisbach friction factor against Reynolds Number, as shown in 
Fig(2.6(b)), for the same River.

Ackers(1991) in his" Design Manual for Straight Compound 
Channels", gives an explanation for the behaviour of Manning's 
and Darcy coefficients. As the flows spread to cover the 
floodplain the Manning*s n value drops by approximately a third, 
despite the fact that in reality the roughness of the floodplain 
is not greater than the main channel. This spurious reduction in 
resistance is due to the form of Manning*s equation. The 
hydraulic mean depth falls as the floodplain becomes inundated. 
This effect is the result of treating such a complex section as 
one single section. In relation to the ocurrence of the loop in 
the variation of friction factor against Reynolds number, as 
shown in Fig(2.6(b)), are two explanations:

- as the floodplains become inundated, the reduction of 
R with increase of stage, yields a reduction in 
friction factor not related to the actual increase of 
flow resistance.
- by expressing Reynolds number as 4Q/Pu, the rapid 
increase of P as the floodplain becomes inundated 
over-rides any increase in discharge.

These two effects combined together produce a looped function 
that does not have any physical meaning. This demonstrated that 
both P and R are not monotonic functions with stage. He concludes 
his remarks by recommending that: the cross-section should not be
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treated as a single section; the floodplains berms should be 
treated separately from the main channel. Ackers also proposes 
that Manning's n should be used only as a roughness element 
related to the physical roughness of the channel. All other 
influences on channel resistance must be quantified separately by 
appropriate factors.

In general, the S.E.R.C. flume study showed that flow 
resistance and flow interaction in straight compound flows:

- decrease? with increasing relative flow depth;
- decrease: with increasing aspect ratio of the main 

channel;
- increase; with increasing ratio of flood plain width to 

main channel width;
- decrease with increasing main channel side slope;
- increase; with increasing ratio between flood plain roughness 

and main channel roughness.

2.2.3 Stage-Discharge Relationships in Straight Compound
Channels.

Many researchers such as Sellin(1964), Bhowmik and 
Demissie(1982), Myers and Brennan(1989), Kiely(1989), and Nalluri 
and Judy(1985) have analysed the behaviour of the stage/discharge 
curve of a straight compound channel in detail.

Sellin(1964) was amongst the earliest to identify the
anomaly or discontinuity in the stage discharge curve 
relationship. He observed that as the flow just overtops the
bankfull level, the overbank flow reduces the velocities of the 
flow contained within the normal inbank channel. Hence the 
measured overbank discharge for low depths was found to be less 
than the inbank one. As the floodplain depth continues to
increase the discharge starts to increase again.

In order to determine the distribution of flow in the main 
channel and in the floodplains Bhowmik and Demissie(1982) carried 
out measurements in real rivers. They observed, as shown in
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Fig(2.7), the average velocity on the flood plain increases as 
the stage increases. The average velocity for total flow section 
shows a sharp decrease as the stage starts to increase above 
bank-full condition. After a certain stage this average velocity 
attains a minimum value and then it starts to increase with a 
rate and magnitude much like that on the floodplain. They 
reported that the minimum averaged velocity for the composite 
section in real rivers was reached at a stage where the averaged 
depth in the floodplain was about 10-20% of the depth in the main 
channel.

Myers and Brennan(1989) carried out, in S.E.R.C. flume, 
extensive research of channel carrying capacity of compound cross 
sections. Their work on the S.E.R.C. flume at HR Ltd 
Wallingford, tested four ratios of B/b(total width of the 
compound channel divided by the base width of the main channel) 
over the range 1.2, 2.2, 4.2 and 6.67 respectively. The
stage/discharge curve was plotted in log-log scale as shown in 
Fig 2.8 and the linear correlation obtained was excellent. They 
pointed out that the most notable feature of these relationships 
was the discontinuity at bankfull depth, with reduction in 
discharge as depth rises just above bankfull value. The reduction 
of discharge at low overbank depths is produced by the presence 
of highly turbulent shear layer with associated energy losses at 
the junction location between floodplain and main channel. It can 
be seen from Fig(2.8) that increasing the ratio B/b has the 
effect of increasing the interaction effect.

Nalluri and Judy(1985) investigated the effect of varying 
the shape of the main channel cross section as well as the flood 
plain roughness on the stage/discharge curve of straight compound 
channels Cwo cross sections studied were trapezoidal and 
rectangular, respectively. The presence of dense and partially 
submerged (tall vegetation) roughness on flood plain of natural 
rivers was simulated in their tests using flexible roughness. 
Fig(2.9(a)) shows a plan view of the flume and the cross-sections 
used by Nalluri and Judy(1985). The resistance coefficient 
Manning's n, shown in Fig(2.9(b)), was found to be widely
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affected by the roughness distribution as well as the relative 
depth ratio yr/yc, where yr is the floodplain flow depth and yc 
is the total flow depth. They conclude that the rectangular cross 
section for stages just above bankfull shows a more pronounced 
effect in decreasing the discharge than the trapezoidal section. 
In which concerns the effect of flexi roughness, they noticed a 
reduction in the carrying capacity of full and sub-sections of 
compound channels.

2.2.4 Secondary Currents in Straight Compound Channels.

In open channels two types of secondary currents can occur:
i) Skew induced secondary currents that derive their 

origin to changes in channel plan geometry. River bends are a 
typical example of this phenomenom with secondary currents 
induced by non-uniform centrifugal pressure.

ii) Stress induced secondary currents. These usually 
stem from non-uniform shear stress distribution with resultant 
momentum transfer to lower velocity and shear stress regions 
often towards the lower two corners of a channel base.

The accurate measurement of the secondary velocity 
components in open channel flows is very difficult, because their 
magnitude is only 1-3% of primary mean velocity. With the advent 
of Laser Doppler Velocimetry (L.D.V.), the accuracy of 
measurements of velocity field and turbulence characteristics of 
compound open channels flows have been improved considerably.

Shiono and Knight(1989) and Tominaga and Nezu(1991) have 
measured the secondary currents in straight compound channels by 
using of the two-component fibre-optic Laser Doppler velocimeter.

Tominaga and Nezu(1991) carried out experiments in an 
asymmetrical cross section. It can be seen in Fig(2.10(a)), that 
strong, upward inclined secondary currents are generated from the 
junction edge toward the free surface in compound channels. The 
maximum magnitude of this inclined secondary upflow is about 4% 
of the maximum main-stream velocity. A pair of longitudinal

23



vortices was recognized on both sides of inclined upflow. When 
the floodplain bed was rough, the structure of secondary currents 
was almost the same.

Shiono and Knight(1989) undertook measurements of secondary 
flow structures in a symmetrical compound channel by using a 2 
component LDV. They identified, as shown in Fig(2.10(b)), the 
existence of two major cells in the main channel region, one in 
the upper layer with a strong upflow and another one in the lower 
corner with a downflow. These cells vary in strength with the 
side slope of the main channel section. In the floodplain only 
one large cell exists, which extends across the majority of the 
width.

2.2.5 Primary Velocities in Straight Compound Channels.

Several researchers have investigated experimentally the 
distribution of the longitudinal velocity in straight compound 
channels, including Myers(1987), Shiono and Knight(1989), and 
Tominaga and Nezu(1991).

Myers(1987) data, based on smaller scale model studies, 
produced lateral distribution of depth averaged longitudinal 

velocity. At low overbank depths, as shown in Fig(2.11) the depth 
averaged velocity profile shows a steep velocity gradient across 
the interface between the main channel and the floodplain. This 
gradient reduces when the floodplain depth increases. According 
to Myers, higher flow depths on the floodplain, a reverse 
phenomenom can occur with higher velocities on the floodplain 
than in the main channel. This is usually only true for smooth 
floodplain boundaries.

Shiono and Knight(1989) normalised profiles of primary 
velocity by the local shear velocity. Fig(2.12) shows 
experimental velocities across the main channel and floodplain in 
the S.E.R.C. flume, compared with the standard 2-D logarithmic 
law. The profiles agree closely with the 2-D logarithmic law in 
the centre of the main channel and at remote distances on the
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floodplain. In the shear layer region on the floodplain region 
the velocity gradient in respect to z seems to be smaller than 
that given by the standard logarithmic profile. They also 
analysed the effect of main channel side slope s=0, 1.0 and 2.0.
They verified that the isovels become more distorted in the main 
channel as the main channel side slope steepens. The interaction 
effect increases as the main channel side slopes become more 
rectangular.

Tominaga and Nezu(1991) analysed distributions of primary 
velocities normalised by the maximum streamwise velocity. From 
Fig(2.13) it can be seen that isovels lines bulge significantly 
upward in the vicinity of the main channel/floodplain junction. 
The velocity in this region is decelerated due to momentum 
transport by secondary currents away from the wall. On both sides 
of this deccelerated region, the isovel lines bulge towards the 
solid boundaries due to high momentum transport by secondary 
currents. They conclude that the structure of the primary mean 
velocity is affected by the momentum transport due to secondary 
currents.

Samuels(1989) developed an analytical model to predict the 
depth-averaged velocity as it varies laterally across main 
channel and floodplain. This will be discussed in Section 2.2.8 
and the method is based on the ability to predict the width of a 
lateral shear layer at the main channel flood plain junction. 
This is shown schematically in Fig(2.14) with a typical 
distribution of depth averaged velocity across a compound 
channel. The relationship proposed for the width of the shear 
layer was:

S = 5.7 ( ghS0/f)1/V /2 (2.2)
Where h is the local flow depth and f is Darcy-Weisbach friction 
factor, c is the turbulent eddy viscosity which may be roughly
approximated considering only bed generated shear, as c = C U h.1 *
U^is the shear velocity and C^is a coefficient.
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2.2.6 Boundary Shear Stress in Straight Compound
Channels

Myers and Elsawy(1975), Rajaratnam and Ahmadi(1981), Baird 
and Ervine(1984) Radojkovic(1985) and Shiono and Knight(1989)
measured boundary shear stress in straight compound channels 
using a Preston tube. Myers and Elsawy(1975) observed distorted 
shear stress profiles in compound channels. Baird and 
Ervine(1984) maintained that it is important to be able to 
predict the bed shear stress profiles on a floodplain for 
different flow conditions in order to model sediment transport 
processes. Radojkovic(1985) pointed out the dependence of shear 
stress distribution on the velocity difference between main 
channel and floodplain flows. Fig(2.15) compares the distribution 
of bed shear stress in a single straight channel with a straight 
compound channel. Typical values of the boundary shear stress 
are:
- In a single channel:

r = 0. 97 pgyS for channel bottomb 0
t = 0.75 pgyS for channel side wall w o

where r is the maximum boundary shear stress in the channel 
bottom; y is the flow depth; SQ is the channel slope; p is the 
fluid density; g is the acceleration of gravity; is the
maximum boundary shear stress on the channel side wall.
- In a compound channel:

t /t < 1.0 in the main channelb
t /t > 1.0 in the floodplain channelb

where r is the local value of the boundary shear stress with 
interacting effect( main channel flow/floodplain flow); r is theb
value of boundary shear stress with non-interacting effect.

Rajaratnam and Ahmadi(1981) noticed that the bed shear
stress on the floodplain increases rapidly as the junction edge 
is approached. This increase of the bed shear stress on the
floodplain was greater with a decrease of h/H( h is the
floodplain depth; and H is the main channel depth). They
developed the following predictive relationship for floodplain
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shear stress using smooth, asymmetrical compound channels,

( t - t )/( t - t ) = e'0,693x (2.3)b bOO ' v b j bOO

in which t is the local boundary shear stress on the bed of the
floodplain; Tbj is the boundary shear stress on the floodplain
bed at the junction of the main channel and the floodplain; tboQ
is the plateau shear stress on the bed of a wide floodplain,
sufficiently far from the turbulent interface not to be
influenced by the momentum transfer mechanism( t * pgSQy); x =
z / b , z is the lateral distance across flood plain and b is
p P  p p

the value of Zp when the right hand side of equation 2.3 has a
value of 0.5. However this relationship is a function of flow
depth only and cannot account for different roughness and
geometries.

Shiono and Knight(1989) stated that the boundary shear stress 
distribution in compound channels is affected by secondary flow 
and lateral shear effects, resulting in additional shear 
stresses. They based their deduction in the following equation,

i 1/2P9HSo ~ \  < 1 + > = T j  1 H( (pUV)d - ] (2.3a)

where pgHSQ is the standard two-dimensional value of bottom shear 
stress, t is the bottom shear stress, UV. is the secondary flow

D 1
term, r^  is the depth averaged transverse shear stress, Sq is
the bed slope oor*c\ 5 sVo'pe. C ̂ : S ’2.onta.0

As it will be mentioned in section 2.2.8 Shiono and 
Knight(1991) and Wark et al.(1990) developed numerical models 
that can predict bottom shear distribution in compound channels. 
In general both models fit experimental data quite well.
Fig(2.16) illustrates the applicability of Shiono's analytical 
model to S.E.R.C. flume Series A data. The relative importance of
the terms of equation 2.3 a will be shown in next section.

27



2.2.7 Turbulence Intensities and Reynolds Shear Stress in
Straight Compound Channels.

Measurements of turbulence characteristics in straight 
compound channels have been conducted by making use of hot-film 
anemometers[ Prinos et al.(1985)], a one-component Laser Doppler 
Anemometer(LDA)[ McKeogh et al.(1985)] and more recently by 
two-component Laser Doppler Velocimeter(LDV)[ Shiono and 
Knight(1990) and Tominaga and Nezu(1991)].

McKeogh et al.(1985) measured turbulent intensities for 
different depth ratios of flood plain flow depth to main channel 
flow depth in a straight compound channel with a symmetric cross 
section. It was discovered that as the depth ratio increases the 
longitudinal turbulent intensity decreases. From the contours of 
turbulence intensity (Fig(2.17)) it can be seen that there is a 
transfer of turbulence from the floodplain to the main channel.

Tominaga and Nezu(1991) carried out measurements of Reynolds 
shear stresses and turbulence intensities in an asymmetric 
compound channel. From the experimental results they verified 
that the distribution of Reynolds stresses of -uv and -uw, shown 
in Fig(2.18), is affected by the strong momentum exchange between 
the main channel and the floodplain. The sign of — uv and — uw

px TT px ttcorresponds to the signs of — and - , respectively. All the 
three components of turbulence intensities present a strong 
anisotropic behaviour near the free surface and near the main 
channel/floodplain junction edge.

Shiono and Knight(1990) measured the turbulence intensities 
u' , v' and w' and Reynolds shear stresses r and t in ax y z x
symetric compound channel. In which turbulence intensities are 
concerned, they found that the turbulence is not isotropic and 
the gradient of [(w’)2~ (v')2] induces secondary flow. As the
flow depth ratio decreases both components u' and v' increase 
whereas the vertical w 'component does not. Fig(2.19) shows one 
of the plots of vertical profiles of turbulence intensities u' , 
v' and w' normalised by the local friction velocity U*. 
Experimental measurements of Reynolds shear stresses r and rzx y x
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are shown in Fig (2.20) and Fig (2.21), respectively. At the 
centre of the main channel and in remote zones of the floodplain, 
they noticed that the vertical distribution of x waszx
approximately linear, indicating the flow was in these regions
predominantly 2-D with normal turbulence structure. In the shear
layer region, the distribution of x^ was non linear, especially
near the edge of the main channel/floodplain. This effect becomes
more pronounced with a decrease of relative flow depth. The value
of lateral shear x is presented in Fig(2.21) reaching a maximum
at the main channel-floodplain interface. Outside the lateral
shear layer the values of x^ are practically zero, indicating no
transverse turbulence effects and very little lateral momentum
transfer. The gradient of t in respect to y was negative in theyx
main channel and positive on the floodplain. Further insights 
into the relative magnitude of each of the shear stress terms can 
be obtained by considering the x component of the steady uniform 
flow of Reynolds equation:

d pUV d pWU d Xyx d Xxx
------  +   = p g sin © +   +   (2.4)a y a z 1 a y a z

where sin© = bed slope, Tyx = -puv, x = -puw, p is the density1 zx
of water and g is the gravitational acceleration. Integration 
from any point z to the water surface H, gives:

a pUV 
3 y

dz + pUW + pg ( H-z)sin©i+
a Xy x

a y dz

Term I Term II Term III(a)
— i z x  =  0 ( 2 . 5 )

Term 111(b)
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considering w = 0 and izx = 0 at z = H. The first two terms (I) 
represent the contribution from the secondary flow, the third 
term(II) is the contribution from the water surface slope and the 
fourth term(III) is the contribution from the lateral shear 
turbulence. The individual contributions of several terms are 
shown in Fig(2.22) and when summed give the resultant of vertical 
distribution of Reynolds shear stress Tzx(dotted line). The 
non-linearity of is highlighted.

2.2.8 Methods for Discharge Assessment in Straight Compound
Channels.

The design of two stage-channels or compound channels has 
been an area of increasing interest to river engineering. In 
general rivers have compound sections, possessing a main channel 
which usually carries flow and one or two floodplains that 
transport flow during the occurrence of a major flood. The 
application of artificial compound channels in flood relief 
schemes has become a more common technique used by the river 
engineers. Basically the berms are cut on either side of the 
existing channel. This allows the conveyance of compound channel 
to be increased and the downstream water levels to be decreased, 
during the occurrence of floods. Sellin(1989) presents an example 
of application of this method to the river Roding, as described 
in Chapter 1.

In the design of compound channels it is fundamental to have 
a method that enables estimates of the stage-discharge 
relationship. Methods for stage/discharge assessment in straight 
compound channels can be arranged in three main groups:

- Empirical methods subdivided into:
The Single Channel Method 
The Division Line Methods 
The Apparent Shear Force Method 
The Method of Correction Factors

- Mathematical Models subdivided into :
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Numerical methods 
Analytical procedures

- The New Method Purposed by Ackers(1991)
- Single Channel Method

In this case the complete channel is treated as a single 
unit. Usually no account is taken of roughness variation across 
the channel, although composite friction factors have been 
employed. Wark(1990) verified that this method underpredicts 
flows by up to 30% at low overbank stages.

- Division Line Methods
The main channel and the floodplains are sub-divided and the 

flow is calculated in each sub-area separately. Variations in 
roughness can be included and the total flow is obtained by 
summation. There are many sub-division methods which differ in 
position and direction of dividing lines, and whether or not 
these lines are included when calculating the wetted perimeters 
of sub-areas. Some of the dividing lines used in the application 
of this method are sketched in Fig(2.23)

Chow(1959) and Posey(1967) advocate the application of this 
method for the calculation of stage-discharge curve for a 
straight compound channel. Because this method neglects the 
turbulent shear interaction and momentum transfer it tends to 
overpredict the total flow by significant margins, 
Ramsbottom(1989). In Fig (2.24) James and Brown(1977) compare the 
stage-discharge curve obtained by the single method and the 
division line method against the actual curve. It is clear that 
errors induced by both methods will considerably affect the 
estimation of the conveyance of a compound section.

- Apparent Shear Force Method
This method is based in the consideration of the force 

momentum equilibrium equation applied to a compound channel. 
Assuming that the flow is in steady and uniform, the body weight 
is in balance by the boundary shear stress integrated along the 
wetted perimeter.
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Tav*(B +2B +2H)=pgA S (2.6)m f TO
Where lav is the averaged boundary shear stress, Bmis "the bottom 
width of the main channel, Bf is bottom width of the floodplain, 
H is the depth of flow in the main channel and At is the total 
cross section area of the compound section.

Ervine and Baird(1982) considered both main channel and
floodplain areas( as presented in Fig(2.25)) are separated by
imaginary vertical walls. Applying the momentum equation to each 
zone, they obtained the following equation:
For the main channel

y y
t (B +h) = pgAcS - [c m  )i

where the second term of the right part of the equation 2.7
represents the momentum transfer due to secondary currents and
the third term represents the momentum transfer by the turbulent 
diffusion effect. Neglecting the effect of secondary currents and 
replacing the effect of turbulent diffusion by the concept of 
depth averaged apparent shear stress Tas, equation 2.7 becomes:

puv dy - J ou'v' dy (2.7)

T (B +h) = p g A S - T (H-h) (2.8)c c c 0 as

For the floodplains:

r (B + H - h) = p g A S + t (H-h) (2. 9)f v f f 0 as

Tas is the depth averaged apparent shear stress that acts in the 
interface of the main channel with the floodplain and it is 
assumed to assist floodplain flow and to resist main channel 
flow.

Based an the results obtained in the S.E.R.C. flume 
Wormleaton and Merrett(1990) carried out extensive correlation 
work in order to relate the depth-averaged apparent shear stress 
against the lateral variation of mean velocity between the main 
channel and the floodplain regions AV, the depth of flow on the 
floodplain(H-h) and the floodplain width bf. A simple exponential
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least square regression was found for Tas in terms of the above 
parameters, using data from three smooth and one rough geometry. 
The resulting regression equation was :

Tas = 3.325 AV 1,451 (H-h) -°-354 H*0'519 (2.10)

Ervine and Baird(1984) undertook also correlation work from 
data obtained in sixteen different cross sections with smooth 
boundaries. They also deduced an empirical relationship for the 
depth averaged apparent shear stress,

  -----------  = (H/(H-h)- (̂ )1 5 (B /h)0'5(0. 5+0. 31 ln( B /h)
p g (H - h) SQ

(2.11)
where <p is the relative flow depth at which velocities either 
side of the division between main and floodplain are close enough 
for Tas to be negligible.

It must be stressed that equations are empirical 
relationships and so tYva’«r domain of application could not be 
extended outside those for which they were obtained.

- Method of Correction Factors
The compound cross section is divided into main channel and 

flood plain sub-sections using vertical divisions lines at 
boundaries. A conventional open channel formula is applied to 
each section and simultaneously empirical correction coefficients 
are introduced in the formulae to take into account the 
interaction effect. Radojkovic(1976) was the first to recommend 
the application of this method. As an index of the degree of 
interaction between the main channel and floodplain, he deduced 
the following $ coefficients for main channel and floodplains :

$c = TcPc/p g Ac S = Tc/ ( Tc + Ta (H“h ) /  Pc ) (2.12)

$ f = Tf Pf / p g Af S = Tf/ ( Tf + Ta (H-h) / Pf ) (2. 13)
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In order to calculate discharge, he deduced the following 
formula:

Qt = Q c 5c + Qr n| $f (2.14)

/ /where Qc and Qf represent the discharges obtained in the main 
channel and floodplain assuming that they are treated as 
separated zones without the interference shear.

This method was further developed by Ervine and Baird(1982) 
and most recently by Wormleaton and Merret (1990), who produced <f> 
factors for the SERC flume Series A data. Values of <p generally 
vary from 0.4 to 1.0 while values of <p vary in the range of 1.2 
to 1.6.

The methods above are largely empirical and require 
calibration. However the main reason that the above methods fail 
to give accurate results, when applied to compound channels, is 
that the flow distribution and shear stress distribution is 
non-uniform. The simple 1-D theory is based on the underlying 
assumption of uniform flow and bed generated shear stress only, 
which do not apply to two-stage channels. The above empirical 
approach does not take this non-uniformity into account, being 
based on simplistic analysis and inadequate understanding of the 
basic flow mechanisms occurring in compound channels. In recent 
years work has been concentrated on gaining an accurate picture 
of the physical processes taking place and has stimulated 
interest in methods of discharge estimation based on 2-D depth 
averaged flow theory. Two different areas of investigation has 
been developed in modelling these complex flow mechanisms 
mathematically for the case of straight compound channels:

(a) The numerical approach undertaken by Wark et al.(1991) 
uses the lateral distribution method of discharge estimation.

(b) The analytical approach carried out by Knight and 
Shiono(1988).

- The Lateral Distribution Method
Considering first the numerical by Wark et al.(1991), the 

method is based on calculating the distribution of flow within 
the channel. The governing equation is derived from the general
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2-D, shallow water equations, neglecting the secondary current 
term and assuming the flow is steady and uniform(in longitudinal 
direction) and the water surface is horizontal. Considering the 
assumptions mentioned, the 2-D dynamic equation can be written

B f
gDSxf - 

Gravity
8 H 

Bed shear

a y
a q

v Dt a y
Lateral shear

= 0 (2.15)

Where 1/22 2B = ( 1 + s ^ + s ^ )  : A factor relating boundary shear stress on 
an inclined surface to stress in the horizontal plane.
D = Local Flow depth 
f = Darcy-Weisbach friction factor 
g = Gravitational acceleration 
S^= Longitudinal slope of channel bed
S = Lateral slope of channel bedyx = Longitudinal coordinate direction 
y = Lateral coordinate direction
q = Longitudinal unit flow( discharge per unit width) 
u = Lateral eddy viscosity
Given estimates of the bed and lateral shears it is possible to 
solve equation for the distribution of flow within the channel. 
The bed shear is calculated by local application of 1-D theory, 
for example by using Manning7 s equation or the Darcy Weisbach 
equation. The evaluation of the lateral shear term is more 
complicated. Various models have been proposed for the estimation 
of the lateral eddy viscosity term. Vreugdenhil and 
Wijbenga( 1982) suggested the use of a constant value of v but 
they did not compare the solution with measured data. Based an 
dimensional analysis, the lateral eddy viscosity relating to bed 
roughness generated turbulence is given by the equation

u = C U D (2.16a)t 2 *
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Where
1/2U. - The shear velocity = ( t / p )x  b

C - The non-dimensional eddy viscosity(NEV) 
p - Fluid density 
t - Bed shear stressb
According to Samuels(1985) C^is a constant that is likely to lie 
in the range 0.25 to 0.7. Other researchers such as 
Wormleaton(1988), suggested that shear layer driven turbulence 
may be an important source of lateral shear in compound channels.
In this case the lateral eddy viscosity is given by the
expression:
v = C 1 AU (2. 16b)t 2 S '
Where
C - A constant2
1 - A length scale related to the width of the shear 
layer
AU- Velocity difference across the shear layer

Wark et al.(1990) have argued that in real rivers,
floodplains bed generated shear dominates, and in view of other 
uncertainties have opted for a simple expression for v given by 
equation 2.16 a.

Wark et al.(1990) have solved the equation by an appropriate 
finite difference scheme with the lateral shear term computed at 
the mid-node positions(staggered grid). Equation 2.15 is 
non-linear and the solution is obtained by iteration procedure 
using Newton method. The required boundary conditions are that q 
= 0 at the solid channel boundaries. The input values are channel 
geometry, bed roughness and eddy viscosity parameters in each 
sub-area of the channel. Comparisons between the computational 
model and measurements conducted in a physical model were made 
and the findings showed that the eddy viscosity can be modelled 
with adequate precision using only the bed generated shear model. 
The factor Ciwas found to lie within the range 0.16 ± 0.08. They 
also recommend the use of constant values of C for each sub-area.

Fig(2.26) represents the comparison of experimental results, 
obtained by Kiely(1989) in a small scale model, and the numerical
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values, generated by Wark et al.(1990) mathematical model. The 
comparison was made in terms of velocity distribution and 
stage/discharge curve. The non-dimensional eddy viscosity was 
assumed as zero on the floodplains, while in the main channel the 
calculations were carried out for a range of non-dimensional 
eddy viscosity between 0 and 0.5. As it can been seen the best 
agreement was achieved when C^is in the range 0.16 to 0.24.

A more detailed analysis of the Lateral Distribution 
Method( LDM) is given in Wark, Slade and Ramsbottom(1991), which 
applies the method successfully to a series of natural rivers and 
floodplains, as well as the SERC flume Series A data.

- The Analytical Approach 
Shiono and Knight(1990) emphasized the importance of 

momentum exchange arising from secondary currents as well as from 
the Reynolds stress. They deduced the depth averaged streamwise 
momentum equation for a steady uniform flow in a channel of 
depth, H, at any point in the cross section. After making certain 
assumptions, the governing equation assumes the form,

pgDS + -J?—  o a y
Where,
D is the local flow depth 
SQis the channel gradient 
g is the gravitational acceleration 
Ud is the depth averaged at position y
r is the bed shear stresso
us eddy viscosity arising from secondary currents 
ufceddy viscosity arising from turbulence 
y is the lateral direction.
Shiono and Knight(1990) found an analytical solution for 

this partial differential equation. They used experimental data 
from the S.E.R.C. flume Series A tests to determine the 
dimensionless eddy viscosity for a two-stage channel. In general, 
good correlation was found between experimental data and model

+ ) a Ud a y — z = 0o (2.17)
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values of depth averaged velocities across the width for a 
typical value of eddy viscosity equal to

v +u = 0. 16 U D (2.18)s t *
Fig(2.27) ilustrates the comparison of depth-averaged 

velocities across the width, obtained experimentally from the 
S.E.R.C. flume Series A tests and by the Shiono and Knight(1991) 
analytical model. In general there is a good level of agreement 
between experimental and model results. The maximum velocity in 
the main channel is very similar in both cases and discharge 
distribution across the width is also quite well simulated. 
There are some discrepancies close to the upper edge of the bank 
between the main channel and floodplain.

The numerical solution presented by Wark et al.. (1990), and 
the analytical solution found by Shiono and Knight(1990), allow 
calculation not only the stage/discharge curve of a straight 
compound channel, but also the lateral distribution of depth 
averaged longitudinal velocity, Ud as well as the lateral 
distribution of the boundary shear stress, r .b

The numerical solution presented by Wark et al(1990) and the 
analytical approach deduced by Shiono and Knight(1991) can be 
regarded as very promising methods for dealing with the design of 
two-stage channels. However there is still a lack of information 
of the turbulent eddy viscosity values to use in different flow 
zones. Thus more research in this area is needed in order to 
improve and refine these design methods.

Keller and Rodi(1988) and Kawara and Tamai(1988) have 
developed two-dimmensional and three-dimensional numerical models 
to give the depth-averaged flow characteristics. Their work has 
involved the use of more sophisticated turbulence models.

Much more sophisticated models of compound flows are now 
being developed as part of the SERC Flood Channels initiative. 
Younis(1992) is developing k-c, algebraic stress models and 
Reynolds stress models applied to compound flows, whereas 
Williams(1992) is developing large eddy simulation techniques in 
the same area.

- The New Method Proposed by Ackers(1991)
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From the point of view of the practical river engineer the 
knowledge of the stage/discharge curve is of primary importance. 
The mathematical models recommended by Wark et al(1990) and 
Shiono et al(1991) need a certain amount of computing expertise 
as well as the fact that there is not, at present, a reliable 
method of determining values of turbulence coefficients for v . 
Thus it was necessary to develop a method much simpler and faster 
than the previous ones, but also with a certain degree of 
accuracy. Based on these ideals of simplicity and accuracy, 
Ackers(1991) developed a new empirical method that allows 
calculation of the stage/discharge curve of a straight compound 
channel. The methodology is based on the analysis of all the 
experimental data of S.E.R.C. flume Series A through a comparison 
of the measured discharge with the computed total discharge. In 
order to represent the depth variation on the floodplain, 
Ackers(1991) recommended two parameters:

-Relative Depth, (H-h)/H 
-Channel Coherence, COH

Where
H: is total flow depth 
h: is bankfull depth
COH is the coherence of channel section, expressed as the ratio 
of the theoretical conveyance calculated by treating it as a 
single unit, to that calculated by summing the conveyances of the 
separate zones. Fig(2.28) shows the coherence of river Severn at 
Monford Bridge. In its general form the section coherence is 
defined as being

i=n i=n i = n
} A, { ( J A./ } ( I,?, ) )

i =1 v i = 1 *- i =ri J J
COH = ----------------------------------------------

i =n} ( A l  [ A i / f i P i ]  ) (2 l g )

i =1

The discrepancy between the basic calculation and the
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measured flow was expressed by different non-dimensional
parameters such as DISADF which represents the ratio of measured 
discharge against basic calculation. The degree of interference 
between the channel flow and the main channel presents different 
trends. Fig(2.29) shows DISDAF plotted against relative depth. 
Four distinct regions of flow behaviour were identified, each of 
them with a different mathematical function for the assessment of 
discharge. For each region a predictive function based on the 
results from large S.E.R.C. flume was established. The effects of 
flow depth, floodplain width, channel side slope, asymmetry, 
width/depth ratio and floodplain roughness were also taken into 
consideration in these predictive functions.

As mentioned by Ackers(1991), the results produced by this 
method were compared against field data giving excellent results. 
For example for river Severn stage/discharge curve obtained by 
the method shows an average discrepancy in relation to the actual 
value in the order of +0.3%.

At present time it seems that the empirical method,
proposed by Ackers(1991), could be the best solution for the
practical river engineers, at least for non-meandering compound
flows. As a long term solution it is more likely however that 
turbulence methods will replace empirical ones.

2.3 SKEWED COMPOUND CHANNELS

2.3.1 Introduction.

The skewed compound channel idealised in Fig(2.30) 
represents the cross-over region of a meandering compound 
channel, containing an element of the floodplain flow passing 
over the main channel below with an angle between the two flows. 
James and Brown(1977), Elliot and Sellin(1990) and Ervine and 
Jasem(1991) have investigated experimentally the flow behaviour 
in skewed compound channels. The skewed compound channel 
investigated by Elliot and Sellin(199) and Ervine and Jasem(1991)
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did not contain any bend effect.
James and Brown(1977) conducted an investigation on skewed 

compound channels reproduced in a tilting flume 26.8 metres long 
and 1.5 metres wide. Three single cross-overs with skew angles 
7.2, 11.0 and 24.0 degrees respectively were studied. Each
cross-over length started and finished through a bend. This is 
sketched in Fig(2.34).

Elliot and Sellin(1990) carried out experimental work in the 
SERC Flood Channel Facility at HR Ltd, Wallingford where the main 
channel was skewed in relation to the floodplain direction. Two 
skew angles were studied 5.1 and 9.2 degrees, respectively.

Ervine and Jasem(1991) conducted experimental work in a 
physical model much smaller than the S.E.R.C. flume, with plan 
dimensions 8.5 m long and 0.8 m wide. The flume incorporated a 
main channel skewed 5.84 degrees in relation to the floodplain 
direction. Two floodplain roughnesses were studied, namely the 
smooth case and the roughened case,respectively. The roughened 
case was simulated by means of vertical rods each 10.0mm 
diameter, equally spaced (100.0 mm) and penetrating through the 
free surface.

2.3.2 Flow Mechanisms in Skewed Compound Channels.

Ervine and Jasem(1991) advocate that the flow in a skewed 
compound channel, even at a small skew angle of the order of 6 
degrees, presents several characteristics which are totally 
dissimilar to straight parallel compound channels. Dye tests 
carried out by them, reveal that flood plain flow approaching the 
main channel can bifurcate with part of the floodplain flow being 
entrained down into the main channel and part crossing to 
opposite flood plain. Fig(2.30) ilustrates the development of 
this flow mechanism.

Elliot and Sellin(1990) point out that velocity 
distribution, both in the main channel and over the two 
floodplains, are distorted by this cross-flow. This is sketched
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in Fig(2.31), where the maximum velocity filaments move in the 
same direction as the flood plain cross-flow.

2.3.3 Flow Resistance in Skewed Compound Channels.

Using the relationship between the Darcy Weisbach friction 
factor and Reynolds number, Ervine and Jasem(1991) compared their 
data against the Elliot and Sellin(1990) skewed channel data, and 
also the straight compound channel data of S.E.R.C. Series A 
data. They verified, as it can be observed in Fig(2.32), that 
increasing skew angle increases resistance to flow, for the same 
bed friction losses.

James and Brown(1977) also verified that the resistance 
coefficient increased with cross-over angle.

2.3.4 The Stage-Discharge Relationship in Skewed Compound 
Channels.

Ervine and Jasem(1991) observed that, when the floodplain 
roughness is increased, the conveyance of skewed compound 
channels diminishes significantly.

Elliot and Sellin(1990) demonstrated that the skewness of 
the channel reduces the total capacity of the cross section in 
comparison with the straight compound channel. The maximum 
reduction in capacity, as it is indicated in Fig(2.33), is 12% 
and it occurs at the relative depth of 0.2.

James and Brown(1977) pointed out that the conveyance of 
skewed compound channels is significantly affected by the skew 
angle.

2.3.5 Secondary Currents in Skewed Compound Channels.

Ervine and Jasem(1991) observed in the skewed compound
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channel that floodplain flow passing over the main channel 
generates a large secondary cell whose recirculating velocity is 
up to 20% -30% of the normal component of the oncoming floodplain 
flow velocity and 3%-5% of the streamwise main channel velocity. 
Comparing their results with Elliot and Sellin(1990), it was 
noticed that as the skew angle increases, the values of 
recirculation secondary velocities also increases. This has 
significant implications in terms of numerical models of skewed

Q TT 9  Ucompound channels. The values of V  ̂ and W-̂ —— , which represent 
the effect of the secondary currents, can not be neglected in any 
numerical simulation.

2.3.6 Primary Velocity in Skewed Compound Channels.

James and Brown(1977) pointed out that normalized velocity 
profiles of floodplain flow, as shown in Fig(2.34), were highly 
distorted by skewed channels. Velocities accelerated in diverging 
floodplain areas and decelerated in converging floodplain areas. 
Surface currents indicate flow was exchanged between floodplain 
and skewed channel.

Ervine and Jasem(1991) observed, as it is sketched in 
Fig(2.35), that the depth averaged lateral velocity profile in a 
skewed compound flow is asymmetric with no shear layer on the 
right narrowing floodplain and a wide shear layer on the left 
floodplain. For low depths on the floodplain the maximum velocity 
filament is pushed to the left side of the main channel and for 
high depths it moves to left floodplain.

2.3.7 Boundary Shear Stress in Skewed Compound Channels.

By using Preston tube, Elliot and Sellin(1990) carried out 
measurements of boundary shear stress over the skewed channel 
test length. They noticed, as shown in Fig(2.36), the occurrence 
of peak values of boundary shear stress in the region where the
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cross-flow leaves the main channel. The floodplain that receives 
flow from the main channel presents values of bottom shear stress 
significantly larger than the other.

2.3.8 Methods for Discharge Assessment in Skewed Compound
Channels.

Ervine and Jasem(1991) applied the sub-division method for 
discharge assessment in skewed compound channels, both with 
smooth floodplains and also with roughened floodplains. The 
sub-division method applied was the one recommended by Chow(1959) 
using imaginary vertical walls. They verified, as it is evidenced 
in Fig(2.37), that errors up to 25% for the smooth floodplain 
case( and up to 50% for the rough floodplain case) can be reached 
if this method is applied. Thus the sub-division method is not 
accurate in assessing discharge in skewed compound channels 
because it does not take into consideration losses produced by 
secondary cells, lateral and horizontal shear which are not 
associated with bed friction.

For the roughened floodplain case, a horizontal sub-division 
method would be most appropriate, with a horizontal division at 
bankfull level and with floodplain roughness extending 2 to 3 
floodplain depths of flow, into the main channel.

Because the flow behaviour in skewed compound channels is 
highly three dimensional, its simulation should be made only in 
three dimensional numerical models where the effects of bed 
friction for main channel and floodplains, secondary currents and 
the turbulent shear are present.

2.4 MEANDERING COMPOUND CHANNELS

2.4.1 Introduction.

Research into meandering rivers with the flow confined to
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the main channel has been continuing for over a century. 
Thompson(1876) appears to have been the first to have pointed out 
the existence of spiral motion in a curved open channel. Since 
that date, the phenomena associated with flow in bends of open 
channels has been studied almost continuosly experimentally by 
researchers such as Mockmore(1944), Shukry(1950), Chow(1957) and
many others. With the advent of computers, flow around bends can 
now be modelled by numerical procedures.

The mechanics of flow in meandering rivers with overbank 
flow is a highly three-dimensional and chaotic problem. Although 
it is complicated, it is now receiving considerable attention 
from the river hydraulic community, especially through the SERC 
Series B programme. The research of river meanders with overbank 
flow has been carried out experimentally (Toebes and Sooky(1967); 
Rajaratnam and Ahmadi(1989); Kiely(1989); U.S.A. Corps of
Engineers(1956)) and numerically( Ervine and Ellis(1987); 
Samuels(1985); Stein and Rouve*(1989)). With the exception of 
S.E.R.C. flume( Series B), located at H.R. Ltd Wallingford( where 
the author carried out the research described here) and the U.S. 
Army Corps of Engineers study, most of the flumes where the 
experimental studies took place were of modest size. Numerical 
modelling of meandering compound has been made by using one 
dimensional or two-dimensional depth averaged equations.

2.4.2 Geometry of Rivers Meanders.

Leopold and Wolman(1957;1960) made an extensive study of 
river morphology. Their study was based on several rivers in 
U.S.A., where they developed empirical equations relating the 
wavelength and amplitude of meander bends to bankfull width of 
the channel. They also related meander wavelength to bend radius 
of curvature. The following equations are due to Leopold and 
Wolman(1960):

45



X = 10. 9 B̂ '01 (2. 20)m
a = 2.7 B * 1 (2.21)
A. = 4. 7 R °'98 ( 2 . 22)m c

where X is the meander wavelength, a is the amplitude, Rc is them
river bend radius of curvature and B is the top width of the mainc
channel. All are expressed in feet. A definition sketch of 
regular meander path is shown in Fig(2.38). Assuming the 
exponents above are approximately 1.0, the following relationship 
between the centre-line bend radius and bankfull width can be 
obtained

R = 2.4 B (2.23)c c
which was corroborated by the results found by Leopold and 
Wolman(1957;1960) in river meanders in U.S.A.. However Hey(1976) 
found that the above equation did not fit data obtained in 
several rivers in U.K. where, for sinuosity 1.5( sinuosity is 
defined as the ratio of channel length along the curved "thalweg 
divided by the straight line "valley" length), the ratio R /B wasc c
considerably greater than 2.4 and 3.0. Thus equation 2.23 can 
only be applied if the meander is fully developed. For other 
cases Hey(1976) presented a relationship between the radius of 
curvature, bankfull width and the arc angle that it is shown in 
Fig(2.39). For the same bankfull width the radius increases with 
the arc angle. He found however good correlation between the 
meander arc length with channel width.

Yalin(1971) postulated that meanders could be 
attributed to the law governing the spatial correlation of 
perturbations in turbulent flows. He explained that 
macroturbulent eddies would produce periodical reverses along the 
flow direction and proposed the wavelength could be related to 
the bankfull width through the following expression

X = 27TB (2. 24)m c
Based on compilation of the research carried out 

worldwide on river morphology, Ervine and Ellis(1987) had
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prepared the following summary of some typical geometric 
parameters of river meanders,

Typical Geometric Parameters for Meandered Rivers 
Sinuosity: r
Description : Straight, r = 1.0 to 1.05

Sinuous, r = 1.05 to 1.5
Meandering, r > 1.5

Meander wave length(Am) Am = 10Bc
Main Channel width (Be) Be = 5 -> 20 h
Average bend radius of curvature(Rc) Rc = 2.7 Be
Floodplain width(Wt) Wt=10 ->20Bc(or >a + Be)
Meander double amplitude (a) a = 0.5 Am when r = 1.5

a = 0.8 Am when r = 2. 0
a = 2.0 Am when r = 4. 0

2.4.3 Flow Behaviour at River Bends( inbank only).

Flow in curved channels tends to result in secondary 
currents. They are developed as the result of centrifugal forces 
pU2/r acting on fluid filaments producing superelevation of the 
free water surface at the outer wall, and accompanied by a 
corresponding diminution of the depth at the inner wall. This 
situation can be described simply by the following equation,

u 2pgSy = P -p- (2. 25)

In each vertical, the resultant of the transverse gravity force 
directed inwards should equali the resultant centrifugal force 
directed outwards. But within the vertical there is not a static 
equilibrium because the actual velocity distribution with depth 
is not everywhere equal to the average velocity. At the surface U

( 'T K c 'V o s .n W tjrs tis larger than the average, whereas Syvproduces a pressure that 
is identical for all particles in the vertical and which is 
adapted to the averaged velocity. This implies that at the
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surface, the centrifugal force is larger than the counteracting 
transverse gravity force, resulting in net resulting force 
outwards. Along the bed the reverse takes place,namely the low 
velocity produces a low centrifugal force lower than the 
transverse gravity force, so that there is a net force inwards. 
This produces a rotating cell, as sketched in Fig(2.40), where 
the particles at the surface are moving outwards and near the 
bottom moving inwards.

Bathurst(1979) observed in actual river bends with steep 
outer banks, that besides the main cell, as shown in Fig(2.41), 
another cell can develop, near the outer bank, with reverse 
circulation.

The basic equations governing the dynamics of the flow in 
curved channels were derived by Rozovskii(1957), Rouse(1959), and 
Schiliting(1988) among others. In general they assume that the 
flow is steady the pressure distribution is hydrostatic, the 
depth is generally smaller in comparison with width and radius of 
curvature and the channel is sufficiently wide so that bank 
effects can be neglected. Based in the above conditions and 
considering that transverse and vertical velocities V and W, are 
small in comparison to streamwise velocity U, Chang(1987) deduced 
in polar-cylindrical coordinates, the following dynamic equation 
of the flow around the bend in the radial direction:

I II III IV
dv u2 „  ̂ a ( a v i , ,

u as = —  - g ~a~~z ( ~ a ~ z ~  J (2-26)

This equation represents in analytical form the growth and decay 
of secondary currents. The spatial variation of transverse 
velocity(V), expressed by term I, is related to the balance of 
centrifugal acceleration(term II), transverse water surface 
slope(term III) and turbulent shear(term IV). The transverse 
circulation grows when the summation of terms II, III, and IV is 
positive. This can happen when the centrifugal force is larger 
than the resistance induced by transverse water surface slope and
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fluid friction. The transverse circulation decays when opposite 
situation occurs. An equilibrium can be reached if the summation 
of these three terms is zero.

Analytical equations of transverse or secondary velocity 
profiles for steady, fully developed flow in curved channels have 
been deduced by Rozovskii(1957), Kondrat'ev et al.(1959) Kikkawa 
et al.(1976), among others. Most relationships are obtained based 
on the semi-empirical theories of turbulence, using equations of 
motion as the analytical basis. Fig(2.42) shows the comparison of 
Rozovskii's(1957) experimental data against the theoretical 
velocity profiles of Kondrat'ev et al.(1959). Both theories 
reproduce the experimental data reasonably well.

From the experimental results obtained by Shuckry(1950), 
shown in Fig(2. 43(a) ), it can be seen that the path of the 
maximum streamwise velocity in a curved channel, gradually
deviates its course from the inner bank to the outer bank of the 
bend. Ippen(1962) and many other researchers explained that at 
the bend entrance, the horizontal components of the forward
velocity are greater near the convex bank than the concave bank
and vary across the channel in close agreement with the law of a
free vortex (Vr = constant). However, in the bend, secondary 
circulation develops, thus breaking down the free vortex. The 
circulation carries the core of maximum velocities across the
channel towards the outer bank.

In the case of rivers with larger aspect ratio B/y (channel
width/depth), and at very sharp turns, the streamlines cannot 
follow the boundaries, and separation, as sketched in 
Fig(2.43(b)), will usually occur accompained by additional
secondary currents. Rozovskii(1957) pointed out that there is not 
a definitive rule for flow separation. There is however some 
connection with the braking effect of the side wall, depth of 
flow, the form of the banks and particularly the angle of bank 
slope. Flow separation produces energy losses in the flow and 
causes sediment deposition in the zones of low circulation.

The energy losses dissipated in a curved channel are greater 
than those in a straight channel of the same depth, velocity, and
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energy surface roughness. At subcritical flow conditions this 
increment in resistance will cause a diminution of flow
velocities and increased depths upstream, creating a backwater
effect, as shown in Fig(2.44). The flow is accumulating potential
energy, in the upstream reach, in order to overcome the excess of
energy expenditure introduced by the bend. Chang(1987) noted that 
the increase in power expenditure in curved channels can be
attributed to:

- Internal friction produced by secondary currents
- Boundary resistance due to transverse shear
- Eddy losses due to flow separation
Head losses in bends are function of Froude

number(Yen(1965)) as well as Reynolds number and bend geometry 
(S i r (1950)). ShnJ^kry(1950) found that Reynolds number effect 
on energy loss can be neglected for values beyond 3*104. The
energy loss due to resistance of a bend hb has usually been 
expressed in terms of velocity head:

u 2hb = f c — y—  (2. 27)

where U is the streamwise average velocity at a cross section 
upstream of the bend where the flow is uniform, and fc is the 
friction coefficient. Raju(1937), and later Shukry(1950) found 
that the coefficient f c  varies considerably with each of the 
parameters Reynolds of the approach flow, the ratio of the
central radius of curvature of the channel to channel width( Rc 
/b), the ratio of flow depth to channel width of the channel ( 
y/b) and total central angle of the bend( 2a/180°). Both 
researchers produced several mathematical design curves to obtain 
fc (using experimental data in a rectangular channel with width 
b=0.30m) cys, function of Reynolds number, Rc/b, y/b and (2a)/180°.

Shukry(1950) also found that the kinetic energy of the 
secondary currents in a bend is relatively small compared with 
the energy in the longitudinal direction, and consequently, plays 
only a minor part in the energy loss due to bend resistance.

The magnitude of the boundary shear stress that develops
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around the bend depends on the velocity gradient close to bed and 
consequently on the pattern of the primary velocity. It was 
observed by Bathurst(1989) and shown in Fig(2.45) that peak 
values of shear stress occur in the regions of downwelling where 
the isovels are compressed, and in regions where the primary 
velocity is relatively high. In the bend region the pattern of 
primary isovels is affected by secondary circulation and 
consequently the magnitude and position of the shear stress peaks 
are influenced as well. It is seen in Fig(2.46), taken from Ippen 
et al.(1962), that the region of high shear stress crosses the 
channel to the outer wall following the core of maximum velocity.

Numerical simulation of flow behaviour in curved channels 
has been carried out by several researchers such as 
Rozovskii(19579, Leschziner and Rodi(1979), Kalkwijk and De 
Vriend(1980), Chang(1987) and more recently by Fares(1990).
Fares(1990) developed a quasi three-dimensional model for the 
integration of the flow equations at bends. In general, 3-D 
procedures yield good predictions of the main and secondary flowj 
and water levels.

2.4.4 Flow Behaviour for Overbank Case.

Flow behaviour in meandering compound channels is highly 
three-dimensional with intensive mass and momentum exchange 
between the inner meander channel and the floodplains. The flow 
process is more complicated than the straight compound channel 
and also the skewed compound channel. The complexity of the 
problem can be gauged from Fig(2.47) where the three-dimensional 
nature of the flow is evidenced by the presence of secondary 
cells in the bend region, high shear rates at the main 
channel/floodplain interface and likely large differential 
friction between the main channel and floodplain boundaries.

Meandering compound channels have been investigated 
experimentally[ U.S.A. Corps of Engineers(1956), Goncharov(1962) 
Toebes and Sooky(1967), James and Brown(1977), Ahmadi(1979),
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Stein and Rouve(1989), McKeogh and Kiely(1989), Willets and 
Hardwick(1990) ] and numerically[ Yen(1983), Samuels(1985), Ervine 
and Ellis(1987) and Stein and Rouve(1989) ].

Flow Mechanisms in Meandering Compound Channels.

Additional flow mechanisms above the straight and skewed 
cases were identified for multiple meander compound channels:

Secondary currents [ Toebes and Sooky(1967), 
Kiely(1989) and Stein and Rouve (1989) ]

- Horizontal shearing [Ervine and Ellis(1987), 
Kiely(1989)]

- Flow expansion and contraction [Ervine and 
Ellis(1987), Kiely(1989)]].

Based on small scale experimental work, Toebes and 
Sooky(1967) were among the first researchers to notice that 
during overbank flow the secondary cell rotational the bend apex, 
was in opposite direction to those of in-bank flow. This is shown 
in Fig(2.48). This cell represents the remnant of the secondary 
currents which are generated in the upstream reach of the bend by 
flood plain cross the main channel and are transported downstream 
to the apex. These secondary currents are driven by flood plain 
flow when it impinges on the main channel flow.

The essential direction of floodplain flow is longitudinal 
and parallel to the outer floodplain walls, whereas the main 
channel flow, below the bank level is parallel to the main 
channel walls. Therefore a nearly horizontal shear layer appeared 
between the upper and the lower parts of the main channel as 
shown in Fig(2.49). Its strength develops between the bend apex 
and the cross-over region, where it reaches the maximum value. 
Downstream of the cross-over, it starts decreasing and reaches a 
minimum value, at the bend apex.

It was postulated by Ervine and Ellis(1987) that, when 
floodplain flow crosses the deeper main channel and re-enters on 
the opposite floodplain, an expansion-contraction phenomenom
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takes place generating significant energy losses. This is shown 
schematically in Fig(2.49).

Kiely(1989) carried out experimental research in meandering 
compound flows( sinuosity : 1.25). He found secondary currents of 
strong magnitude throughout the full length of the meander 
channel. He noticed that, at the bend apex, the direction of the 
secondary currents were in opposite to those of an in-bank case 
and that the strength of secondary currents were about 30% of the 
streamwise velocity. At cross-over region, he observed the 
appearance of secondary currents with magnitude almost the same 
as the primary velocities.

Flow Resistance in Meandering Compound Channels.

In straight compound channels, flow resistance is basically 
produced by the lateral shear and bed friction. In meandering 
compound channels, besides the bed friction and the lateral shear 
layer, additional flow mechanisms such as secondary currents, 
horizontal shear and flow expansion-contraction increase flow 
resistance. It was described in section 2.3 that all these flow 
mechanisms are also present in skewed compound channels, with the 
exception of the effect of the bend.

James and Brown(1977) conducted laboratory tests in a 
tilting flume to study the effects of overbank flow on the 
resistance coefficient. Testing was carried out on skewed and 
meandering main channels bounded by straight floodplains. Results 
indicated that resistance coefficients increased with the degree 
of skewness of the cross-over and sinuosity.

Ervine and Jasem(1991), compared data from S.E.R.C. flume 
straight compound case, the S.E.R.C. flume 9°skewed compound 
channel and the S.E.R.C. flume meandering compound 
channel(sinuosity:1.37), tested during Phase B of the Flood 
Channels programme. All three geometries have very similar bed 
friction characteristics, but increased skewness and sinuosity 
significantly affects the flow resistance coefficient. This is 
shown if Fig(2.50).
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The Stage-Discharge Relationship in Meandering Compound Channels.

U.S.A. Corps of Engineers(1956) carried an extensive study 
of the various factors affecting conveyance in meandering 
compound channels. Specific objectives were to determine the 
effects of the following factors on conveyance; radius curvature 
of bends; sinuosity of channel; depth of overbank flow; ratio of 
overbank area to channel area; and floodplain roughness. In a 
flume 9.0 metres wide and 30.0 metres long, straight compound 
channels and regular meander compound channels were reproduced. 
Two floodway widths, three depths of overbank flow and three 
degrees of boundary roughness were used in testing channels of 
various degrees of sinuosity and various meander belt widths. The 
work concentrated on stage-discharge relationships. From the 
results obtained in this experimental investigation, the 
following conclusions were made:

- Where the main-channel top width is relatively narrow( and 
small) compared to the total width of the meandering compound 
channel( meander belt width plus floodplain width), the effect of 
main channel sinuosity on the conveyance of the meandering 
compound channel is small. The ratio of the main channel top 
width to the total width of the compound channel tested was 
approximately 9% - 5.0% .

- In the case of the ratio between the main channel top 
width to the total width of the meandering compound channel( 
meander belt width plus floodplain width) be equal or greater 
than 15.6%, the effect of increasing the channel sinuosity on the 
conveyance of meandering compound channels becomes a critical 
factor.

- When the total width of the meandering compound channel 
exceeds the meander-belt width by about 300 per cent, the effect 
of channel sinuosity on the floodway capacity becomes relatively 
small.

- Channel discharge is reduced about 8-10 per cent by 
increasing the main channel sinuosity from 1.2 to 1.4 and from
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1.4 to 1.57. A typical example of the relationship between 
channel sinuosity and channel discharge for various overbank flow 
depths, obtained by U.S.Army Corps of Engineers is shown in 
Fig(2.51).

Willetts and Hardwick(1990) investigated experimentally the 
effects of the main channel cross-section shape on the 
stage-discharge curve of a meandering compound flow. The 
comparison was done for a uniform trapezoidal cross-section and 
for a cross-section produced naturally by bed erosion and 
deposition. Stage-discharge graphs obtained are shown in 
Fig(2.52) for the case of the two different cross-over angles. 
This graph shows that for higher stages, both the 60° and 110° 
cross-over with natural cross-section, produce greater conveyance 
than the corresponding trapezoidal cross-section even though the 
cross-sectional area is smaller. The reason for this is probably 
due to the fact that for higher stages, the conveyance of the 
meander main channel is insignificant in comparison with the 
floodplain contribution, and the flow streamlines are practically 
parallel to the floodplain walls. In these circumstances, the 
meander channel acts in a similar manner to "groves" in relation 
to the floodplain flow with energy losses produced by the 
expansion-contraction phenomenom when the floodplain flow passes 
over the main channel. Expansion-contraction losses in open 
channels vary with the main channel aspect ratio ( 
top-width/bankfull depth).

Sellin and Giles(1988) carried out a detailed study of a 
two-stage length of the river Roding in Essex. Fig(2.53) shows a 
plan of the 3 km reach of the river that was modelled in the form 
of a two-stage channel. This experimental study differs from 
previous ones because it is site-specific and reproduces an 
actual river containing irregular meanders which are confined by 
irregular floodplain berms. Sellin and Giles investigated the 
capacity of the river Roding with particular attention to the 
effect of the roughness of different parts of the cross-section 
and the seasonal effect of the vegetation that grows along the 
channel berms. They found that floodplain roughness has a
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dominant role in the conveyance of two-stage channels. Fig(2.54) 
shows the effect of uncut berm and cut berm on the 
stage-discharge curve of River Roding in Essex. From measurements 
of stage-discharge taken in the actual river, they conclude that 
conveyance of channel can be improved approximately 50% if berm 
vegetation is removed.

Secondary Currents in Meandering Compound Channels.

The investigation of secondary currents in meander compound 
channels has been carried out by Toebes and Sooky(1967), 
Ahmadi(1980), Kiely(1989) and Stein and Rouve*(1989). All these 
researchers found that at a bend apex, the main secondary cell, 
for overbank case, rotates in opposite to the direction of a 
secondary cell that develops in a meandering channel without 
floodplain flow, (inbank flow only).

Using a 2-component Laser Doppler, Stein and Rouve,(1989) 
measured secondary currents in a physical model of a meandering 
compound channel. Fig(2.55) shows the production and destruction 
of secondary cells along the meander channel. At bend apex two 
secondary cells are spiralling one against the other, being the 
larger one rotating in opposite direction when compared to a bend 
with inbank flow. They note the existence of smaller 
depth-averaged main channel velocities, large energy losses due 
to occurring of turbulence, and the appearance of an horizontal 
shear between the upper and lower part of the main channel.

Ervine and Jasem(1991) reveal that recirculating secondary 
velocities, measured in the meandering compound channel of 
S.E.R.C. Flume, Series B in the cross over region, reached values 
of 20% to 30% of the normal component of approaching flood plain 
velocity.

Primary Velocity in Meandering Compound Channels.

Primary velocities (in the streamwise direction) in 
meandering compound channels have been investigated in detail by
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Goncharov(1957), Toebes and Sooky(1967), Ahmadi(1979) and
Kiely(1989).

By using a physical model, Goncharov(1957) investigated the 
flow mechanism and the flow structures that develop in a compound 
channel bend. He found out that the distribution of 
depth-averaged primary velocity in a meander compound channel 
with overbank flow differs greatly from the distribution for 
inbank flow. The primary velocity decreases considerably and its 
distribution across the channel width is smoother than for the 
inbank case. Fig(2.56) shows the distribution of depth averaged 
primary velocity in the compound channel for three degrees of 
submergence, obtained by Goncharov. He noticed that, as the 
degree of floodplain submergence increases, the role of the main 
channel in carrying the high-water discharge is reduced 
considerably. In order to have a better visualization of the 
interaction between the main channel and floodplain flows,
Goncharov( 1957) plotted the flow patterns for the same
submergence depths, which are shown in Fig(2.57). As it can be 
observed when the degree of submergence increases the path lines 
inside of the meander belt start to be less affected by the main 
channel and tend to be almost parallel to the floodplain walls.

Toebes and Sooky(1967) carried out experimental work of 
compound flow in meandering channels with sinuosity 1.13. They 
observed that vectors of the resultant velocity show divergent 
and convergent patterns, indicating flow exchange between the 
main channel and the floodplain, as well as also strong vertical 
velocity components. Fig(2.58) shows the distribution of the 
resultant velocity vectors. Toebes and Sooky Calculated the 
discharge in several subsections of the meander, and managed to 
quantify the mass exchange between meander and floodplain flows. 
Fig(2.59) shows one of the plots obtained by these researchers 
where the flow distribution in each sub-section is expressed in 
terms of percentage of total flow. It is clear from Fig(2.59) 
that discharge is not steady and there is a significant discharge 
exchange between the main channel and the floodplain regions.

Ahmadi(1979) pointed out that the maximum velocity near the
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surface occurred just outside the limits of the meandering main 
channel in the region of the inner bend as shown in Fig(2.60).

McKeogh and Kiely(1980) carried out model studies of 
meandering compound flow, and found that below bankfull the 
resultant velocity vectors were in a direction parallel to the 
channels walls. At the bends, the maximum velocity filament 
(Fig(2.61a) was located at the inner wall. Above bankfull, as 

shown in Fig(2.61b), they observed the velocity vectors in the
main channel region did not follow the main channel walls but
tended to be approximately parallel to the floodplain walls. In
the floodplain, the flow direction was essentially longitudinal. 
Most of Kiely* s work was carried out at relative depth ratio 
(H-h)/H of 0.38.

Methods for Discharge Assessment in Meandering Compound Channels.

Until now, numerical modelling of compound flows of river 
meanders has been made by one-dimensional models [ Yen(1983),
Pender(1985),and Ervine and Ellis(1987)] and also two-dimensional 
models [Samuels(1985), Stein and Rouve*(1989) ].

Pender(1985) used a finite difference technique to 
discretize the one-dimensional flow equations. His model 
simulates side flows into adjacent floodplains and subsequent
side flows back unto the main channel some distance downstream. 
This approach did not take into consideration any effect of the 
lateral shear interaction between the main channel and the 
floodplain.

Yen(1983) proposed an approximate method to compute the flow 
capacity for meandering compound flow. The combined channel is 
considered as one-dimensional unit, while the meandering channel 
is treated as imposing additional resistance to the flow.

Ervine and Ellis(1987), developed a method for predicting 
stage-discharge curves for meandering rivers with compound flows, 
based on the energy equation. They identified five main sources 
of energy loss, including: frictional head loss in the main
channel, flow resistance on the floodplain due to grass, trees
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and hedges, flow resistance due to secondary currents at river 
bends, flow resistance due to floodplain flow components passing 
normally over the main channel flow encountering sudden
expansions and contractions and flow resistance due to co-flowing 
turbulent shear between the faster moving main channel and the 
slower moving floodplain flow-parallel to the main channel. They 
quantified the magnitudes of each element of energy loss, except 
the co-flowing turbulent shear term. The results predicted by 
this method, as shown in Fig(2.62), were compared with 
experimental data of U.S.Army Corps of Engineers, giving 
reasonable correlation.

Samuels(1985) used a finite element technique to discretize 
the two-dimensional flow equations excluding turbulent shear
stress terms. He compared his numerical results with experimental 
data of Toebes and Sooky(1967), giving an acceptable correlation. 
His work has been by Wark(1989) who has developed a 
two-dimensional finite element model with lateral turbulent shear 
terms included.

For simulation of flow behaviour in a meandering compound 
channel, Stein and Rouve,(1989) applied a two-dimensional 
depth-averaged numerical model with constant eddy viscosity. They 
compared numerical results against experimental data yielding
reasonable results for the prediction of primary velocities, 
water elevation and discharge distribution. Fig(2.63) shows the 
comparison between experimental and calculated primary
velocities. Qualitative distribution of discharge throughout the 
model is illustrated in Fig(2.64). Stein and Rouve recognize
however, that due to the three-dimensional behaviour of the flow, 
the prediction of velocity profiles is unsatisfactory and needs 
to be refined, probably through the use of a more sophisticated 
turbulence model.

Because the flow behaviour in meandering compound channels 
is highly three-dimensional, its numerical simulation needs to be 
by 3D models. Manson and Pender(1992) (Glasgow University) are 
presently developing a 3D K-c model for meandering compound 
channels. The mathematical model will be tested by using data
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from a skewed compound channel, obtained by Jasem(1990), and 
later will be compared with data from meandering compound 
channels, obtained in the S.E.R.C. flume Series B programme.

2.5 SUMMARY

The main findings of this literature review can be
summarized as follows:

(i) In straight compound channels the flow behaviour is
dominated by the lateral shear that develops at the junction of
the main channel/floodplain as a result of the gradient of
velocities.

(ii) There is already a good understanding of flow
structures and flow mechanisms that develop in straight compound 
channels. The experience and the knowledge gained from S.E.R.C. 
flume experiments, (Series A Straight Compound Channels)
contributed decisively for this success.

(iii) The 2D analytical approach recommended by Shiono and 
Knight(1991) and the 2D numerical method presented by Wark et 
al.(1990) for calculation of stage-discharge curves and boundary 
shear stress distribution in straight compound flows give results 
that fit well actual data, obtained either in physical models
either in rivers.

(iv) Flow in the skewed and in the meandering compound
channels have several characteristics that are total dissimilar 
to the straight parallel compound flow case.

(v) Flow resistance in the skewed compound channels
increases with increasing angle of skew.

(vi) Flow resistance in meandering compound channels
increases with the cross-over angle of the meander, with
sinuosity and with floodplain roughness.

(vii) Some flow mechanisms were identified in skewed and in 
meandering compound channels:

The development of secondary currents in the main
channel whose magnitude is greater than the inbank
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case.
. The appearance of flow expansion in the main channel 
region and flow contraction in the floodplain region.
. The occurrence of an horizontal shear in the main 

channel region.
(viii) In skewed and in meandering compound channels the 

energy losses are caused by:
. Bed friction 
. Secondary Currents 
. The horizontal shear 
. The lateral shear

(ix) Flow structures in skewed and in meandering compound 
channels are highly three dimensional. Thus they need to be 
modelled by 3D numerical procedures.
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Fig (2.1) - Typical Cross-Section of a Compound Channel 
Used in S.E.R.C. Flume Series A Tests : Definitions and
Terminology by Myers and Brennan(1990).
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Fig (2.2) - Flow Mechanisms in Straight Compound Channels 
by Knight(1991).

62



Fig (2.3) - Plan View of Vertical Vortices in a Straight 
Compound Channel by Sellin(1964)
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Channel.
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Fig (2.19) - Non-Dimensional Profiles of Turbulent
Intensities in a Symmetrical Cross-Section of a Compound 
Channel by Shiono(1989).
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Fig (2.20) - Distribution of tzx in a Straight Compound
Channel by Shiono(1989).
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Fig (2.22) - Ilustrative Explanation of Shear Stress
Distribution in a Straight Compound Channel by Knight(1989)

74



Zc

Fig (2.23) 
Channels.

- Division Line Method Applied to Compound

lOMNNR Jiff 7X00

0.24

MODIFIED SINGLE- CMAMtfEL METHOD

0.22

Ii-aui
o

0.20

SEFA h a  t e -c h a h m e l s  
METHOD

0.16 0.60.3
OISCHARGE. CFS

0.4

Fig (2.24) - Comparison of Measured Data and Theoretical
Methods for Prediction of Stage-Discharge Relationship by 
Brown(1977).
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Fig (2.25) - The Out Balance of Forces in a Straight
Compund Channel.
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Fig (2.26) - Comparison of Kiely(1990) Experimental
Results with Wark(1990) Numerical Model.
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Fig (2.27) - Comparison of S.E.R.C. Experimental Results
with Shiono(1991) Numerical Model.
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Fig (2.28) - Coherence of River Severn by Ackers(1991).
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Fig (2.29) - Variation of DISADF with Depth Ratio by
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Fig (2.30) - Ocurrence of Flow Bifurcation in Skewed
Compound Channels by Ervine and Jasem(1991).
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Fig (2.31) - Distribution of Longitudinal Velocities in
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Fig (2.32) - Friction Factors for Skewed Compound Channels
by Ervine and Jasem(1991).
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Fig (2.33) - Percent Reduction in Discharge in Skewed 
Compound Channels in Comparison with Straight Compound 
Channels by Elliot and Sellin(1991)
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Fig (2.36) - Variation of Longitudinal Boundary Shear
Stress Values Across The Skewed Channel by Elliot and 
Sellin(1990).

0 65 A  SKEW ED  C HANNEL GLASGOW FLUM E
V  SKEW  ANGLE 2 1
■  SK E W  AN G LE S 0
#  S KEW  ANGLE 1 0

0 60

0 55 Smooth tloodploin only
0 50

0 to|

■ ̂ skew

'L q =  Q # s t -- a , * Q 2‘ Qa. 0 30
2 ° skew« 0 25

-5 0-20
0 15

0 10

0 05

0 00
p e r c e n t a g e  e r r o r

Fig (2.37) - Percentage of Error Between The Estimated and
Experimental Discharge with Relative Depth by Ervine and 
Jasem(1991).
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Fig (2.38) - Plan Geometry of a Regular Meander:
Definitions and Terminology( After Chang(1987)
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Fig (2.39) - Relationship between Radius of Curvature,
Bankfull Width and Arc Angle by Hey(1976).

Fig (2.40) - Development of Secondary Currents around the
Bend.
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Fig (2.41) - Distribution of Primary and Secondary
Velocities at Bend Apex at Maes Mawr River by Bathurst et 
al.(1979)
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Fig (2.42) - Theoretical and Experimental Velocity
Profiles for Secondary Flow in River Bends after
Kondrat'ev(1959).
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Fig (2.43(a)) - Contour Lines of Primary Velocities in a
Flow Around the Bend( After Shukry(1950))

Fig (2.43(b)) - Sketch of Flow Separation in a River Bend.
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Fig (2.44) - Energy Line and Flow Profile around the Bend 
for Sub-Critical Flow( After Chow(1957)).
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Fig (2.45) - Pattern of Primary Velocities Isovels and 
Distribution of Ratio of Boundary Shear Stress at Maes Mawr 
Bend at Discharges of: i) 5.25 m3/s ii) 6.84 m3/s iii) 15.48 
m3/s (After Bathurst et al.(1962))
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Fig (2.46) - Boundary Shear Stress Distribution in Curved 
Trapezoidal Channels obtained experimentally by Ippen and 
Drinker(1962).
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Fig (2.47) - Flow Mechanisms for Meandering Compound
Channels( After Ervine and Jasem(1991))
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Fig (2.48) - Helicoidal Currents for Inbank Case and
Overbank Case in Meandering Compound Channels( After Toebes 
and Sooky(1967))
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Fig (2.49) - Expansion and Contraction Phenomenom 
Meandering Compound Channels( After Ervine Ellis(1987))
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Fig (2.50) - Friction Factors for Various Types of Smooth
Compound Flow( After Ervine and Jasem(1991))
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Fig (2.52) - Effect of Cross-Section Geometry on
Stage-Discharge Relationship for Meandering Compound 
Channels from Willetts and Hardwick(1990).
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Fig (2.53) - Plan of the Reach of River Roding Modelled by 
Sellin and Giles(1988).
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Fig (2.54) - Effect of Floodplain Roughness on the 
Stage-Discharge Curve of River Roding in Essex from Sellin 
and Giles(1988).

Fig (2.55) - Growth and Decay of Secondary Cells m
Meandering Compound Channels by Stein and Rouve'(1989).
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Fig (2.56) - Distribution of Depth Averaged Longitudinal
Velocity across the Main Channel and Floodplain in a 
Compound Bend( After Goncharov(1957)).
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Fig (2.57) - Flow Patterns in a Compound Bend by
Goncharov(1957).
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Fig (2.59) - Discharge Distribution in a Meander Compound 
Channel( After Toebes abd Sooky(1967)).

Fig (2.60) - Isolines of Primary Velocities in a Meander
Compound Channel by Ahmadi(1979).
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Fig (2.61) - Distribution of Resultant Velocity Vector in
a Meander Compound Channel: a) 30 mm above main channel b) 
20 mm above floodplain( After McKeogh and Kiely(1989)).
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Values of Primary Velocities, obtained by Stein and 
Rouve*(1989)

Fig (2.64) - Qualitative Distribution of Discharge in a
Meander Compound Channel( After Stein and Rouve*(1989)).
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CHAPTER 3

EXPERIMENTAL APPARATUS

3.1 INTRODUCTION

The work described in this Chapter concerns the design, 
construction, calibration, instrumentation and running of the 
S.E.R.C. flume facility at Hydraulics Research Ltd, Wallingford. 
It concentrates on the parts of the work carried out by the 
Author of the thesis. It also concerns the design, construction 
and running of a smaller complementary flume at the University of 
Glasgow, designed to run in parallel with the S.E.R.C. flume
studies, and designed to produce more detailed data of the 
behaviour of a single river bend during overbank flow.

The initial problem in the physical modelling of meandering 
overbank flow is the large number of parameters which affect the 
behaviour and which give a degree of complexity far beyond
straight or skewed compound flows. As a first guess, these might 
be listed as:

(1) Depth Ratio: ( H - h )/( H )C * e e ^*0
(2) Main Channel Aspect Ratio: (Be / h )
(3) Floodplain Aspect Ratio: (Bf/(U-h )
(4) Sinuosity: r =.channel iengtli along curved thalweg

1 straight oj valley line

(5) Non-dimensional ratio of main channel roughness:
ksc/ H

(6) Non-dimensional ratio of floodplain roughness:
ksf/( H  - h)

(7) Side slope of main channel: sc
(8) Side slope of floodplain: sf
(9) Longitudinal slope of the floodplain: So
(10) Ratio of bend radius to main channel top width Rc/Bc
(11) Ratio of meander wavelength to main channel width A/Bem
(12) Cross-over angle ( a) between main channel and
floodplain flow
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(13) Meander belt width / total flume width ratio
(14) Cross section of the main channel, whether artificial
or naturally formed.

to name only some of the key parameters in this type of 
flow, where H is the total depth; h is the bankfull depth; be is 
the mean main channel width; br is the mean floodplain width.

Until now, experimental investigations on meandering 
compound channels have been conducted in flumes of modest size 
with the main channel aspect ratio distorted in relation to 
natural values. For example, main channel aspect ratios of 
previous physical models have varied usually between 3 and 5, 
while in nature the values are usually between 5 and 20. Such 
distortions have significant implications for development of the 
flow mechanisms in meandering compound channels, as it will be 
demonstrated in Chapter 4. This explains part of the reason for 
the need for an experimental programme on meandering channels to 
be performed in a large facility.

Because construction, maintenance and operation costs of a 
large facility are very high, the experimental programme of 
Meandering Compound Channels, Series B, was jointly funded by the 
Science and Engineering Research Council(S.E.R.C.) and Hydraulic 
Research Ltd, located at Wallingford, and some contributions have 
been made by the MAFF and a number of Water Authorities. This 
research project, with a duration of three years, is a the 
continuation of the Straight Compound Channels Project, Series A, 
which was funded by the same bodies, roughly from 1986 to 1989.

Due to its experience and worldwide prestige, Hydraulic 
Research Ltd(H.R. Ltd) Wallingford was the place chosen to 
install such a large facility. H.R. Ltd was responsible for the 
construction, maintenance and part of the operation of the 
facility. Mrs M. Johnstone, from H.R. Ltd, was responsible for 
the day-to day running of the flume facility.

The experimental work was funded by S.E.R.C. through 
research grants and supervised by Prof. B. Willetts (Aberdeen 
University), Prof. R. Sellin (Bristol University), Dr. A. Ervine 
(Glasgow University), and Dr. D. Knight (Birmingham University)
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and Dr. I. Guymer (Sheffield University). Because the 
experimental program was very extensive, the tests were sub­
divided into various parts, with each part performed by a 
Research Assistant from each University. Miss R. Greenhill from 
Bristol University, Mr. R. Hardwick from Aberdeen University and 
the Author from Glasgow University conducted flow measurements of 
velocities, stream angles and water surface levels in the main 
channel and floodplain as well as tests of stage-discharge. Dr. 
Y. Fares and more recently Dr. Yuen, both from Birmingham 
University carried out measurements of flow turbulence. Dr.N. 
Brockie conducted the tests related to dye dispersion.

The organization of the experimental program was sub-divided 
between each of the Universities, being approximately,

- Glasgow University with hydraulic design of the flume, 
specialising in stage/discharge, flow conveyance and flow 
resistance.

- Bristol University with the instrumentation of the flume 
including data collection and data analysis of flow velocity 
and stream angles.
- Aberdeen University with the design of a Churchill probe 
for measurement of water surface levels.
- Birmingham University in charge of running the Laser
Doppler system and boundary shear stress.
- Sheffield University with the running Qf the dye
dispersion apparatus.
It was decided that the experimental programme on the 

S.E.R.C. flume would cover the widest possible range of scenarios 
in the time available. This included:

(i) Two sinuosities of the main channel, namely 1.374 and
2.04 corresponding to cross-over angles 60° and 110°
respectively.
(ii) A range of flow depths covering both inbank and 
overbank flows.
(iii) Two different cross-sectional geometries of the main 
channel namely trapezoidal and natural. Trapezoidal was done 
for sinuosity 1.374 only and natural for both sinuosities.
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(iv) Seven Types of Floodplain Boundary Roughness:
Smooth Case(for both sinuosities)
Fully Roughened(for both sinuosities)
Width Reduced at Meander Belt Limits but with 
smooth floodplains(for both sinuosities)
Partially Roughened(for sinuosity 1.37)
Brick Blocks(for both sinuosities)
Wall(only for sinuosity 2.04)

(v) The aspect ratio of the main channel was varied slightly 
as a consequence of changing cross-sectional shape in (iii). 
Model studies at the Aberdeen University were conducted with 
a greatly reduced aspect ratio, thus allowing variation of 
this parameter.
(vi) The side slopes of the main channel and floodplains 
were held constant, as was the longitudinal slope of the 
floodplains. In the case of the total channel width reduced 
at the limits of the meander belt, the side wall slope of 
the floodplain was 45°.
(vii) The bend centre line radius was kept constant for all 
tests, although the meander wavelength X was reduced inm
moving from sinuosity 1.374 to 2.04.

The stage-discharge curve was determined for all the above case 
studies. Besides the stage-discharge curve tests, the 
experimental program at the S.E.R.C. flume also involved 
measurement of streamline angles by a specially designed vane, 
local flow velocities by mini-propeller, water surface levels by 
the Churchill probe, Reynolds shear stress and turbulence 
intensities by the Laser Doppler Velocimeter, and boundary shear 
stress by the Preston tube.

As already mentioned, the Author designed and operated a 
complementary flume at the University of Glasgow. This will be 
described in Section 3.7. Despite being smaller in size than the 
S.E.R.C. flume, the Glasgow flume had a few advantages not 
available to the S.E.R.C. flume.

The first of these was the ability to vary the ratio of 
floodplain discharge to main channel discharge (Qf/Qmc) to any
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ratio between 0 and co . This is not the case for the S.E.R.C. 
flume whose Qf/Qmc ratio is pre-determined by geometry and 
uniform flow considerations. Xhe Glasgow flume therefore had 
independent controls on the floodplain flow and main channel 
flow, for any given stage.

The Glasgow flume also contained greater flexibility in bend 
design including bend radius, bend angle, bend cross-sectional 
shape etc, although time did not permit a comprehensive variation 
of these parameters.

The range of experiments on the Glasgow flume included tests 
of stage-discharge, local velocities, streamline angles and 
detailed water level measurements.

3.2 THE S.E.R.C. FLUME, WALLINGFORD

3.2.1. Introduction

The main part of the experimental programme of meandering 
channels (Series B was performed in the S.E.R.C. flume, located 
in Hydraulic Research Ltd, Wallingford. The S.E.R.C. flume is a 
very large facility, probably the largest in the world, measuring 
56 metres long and 10 metres wide, with the effective moulded 
channel length 49 metres long. Two meander channels with 
sinuosities 1.374 and 2.04 were investigated experimentally. Both 
models were of the fixed bed type and moulded in mortar, 
producing a smooth finish similar to the Series A tests. Fig
(3.1) and Fig(3.2) show a general view of both models.

For the initial sinuosity 1.374 (and cross-over angle 60°), 
two cross-sections were studied. A trapezoidal cross section with 
45° side slopes, a natural cross-section, based on data from 17 
real rivers outlined in Section 3.2.1. For sinuosity 2.04 only 
the natural cross-section was investigated. With a natural 
cross-section it was intended to simulate a more realistic cross 
section similar to the ones that are developed in natural rivers.

The longitudinal slope of the floodplain was 0.996 * 10~3for
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sinuosity 1.374 and 1.02 * 10~3 for sinuosity 2.04.
Water was delivered to the model by six pumps, totalling

3  3approximately 1 . 1 m  /s. Four pumps had a capacity of 0.125 m /s 
each, one had a lower capacity of 0.059 m /s and the sixth pump 
had the largest capacity, reaching 0.565 m /s. The set of pumps 
delivered water from a common sump to the inlet tank of the model.

Discharge from the pumps flows through 
measurement orifices to the inlet tank of the model and from 
there to a still basin as the upstream end of the moulded flume.
A stilling boom smoothed any flow disturbances before entering 
the moulded sections of the flume. At the downstream end of the 
flume, flow enters a further stilling basin and then flows over 
five parallel tail gates finally returning to the original sump, 
completing the cycle.

Each tail gate can be set individually and the opening is 
controlled by a reading taken from a vernier, graduated in 
millimetres.

The flume is spanned by two moveable bridges which carry 
instrument carriages.

The facility is very well equipped with instrumentation. The 
following instruments were available in S.E.R.C. flume:

- Orifice Meters for flow discharge measurement;
- Digital Gauges for stage recording;
- Vane for streamline angle measurement;
- Mini-Propeller, for flow velocity measurement;
- Preston Tube for boundary shear stress measurement;
- Churchill Probes for water surface level measurement;
- LDA for Reynolds stress and turbulence intensity
measurements.

The following floodplain roughness cases were studied:
- Smooth case( both sinuosities)
- Fully roughened( both sinuosities)
- Reduced Floodplain Width at Meander Belt Limits 
with smooth floodplains(both sinuosities)

- Partially roughened( sinuosity 1.37)
- With brick blocks( both sinuosities)

101



With a wall( only sinuosity 2.04)
Fig(3.3) sketches the eleven different formulations of 

floodplain roughness investigated in this project. These eleven 
formulations were used for stage-discharge measurements only. The 
cases of fully roughened and partially roughened floodplain were 
simulated through a set of rod frames (that had been used in the 
Series A tests) covering the complete floodplain in the first 
case and only the meander belt width in second and third cases. 
Fig(3.4) shows a plan view of the roughness rod the frame used in 
the tests. Fig(3.5) shows the S.E.R.C. flume with sinuosity 1.374 
with the floodplain fully roughened.

With tests performed with brick blocks and walled floodplain 
it was intended to study the effect produced by bridge piers and 
roads that cross river valleys on the conveyance of a river when 
a flood occurs. Fig(3.6) and Fig(3.7) present the plan view of 
the location of brick blocks in both meander channels. Fig(3.8) 
shows the location of the floodplain wall in the meander channel 
with sinuosity 2.04.

3.2.2. The Design Concept.

The design of the plan geometry of the two meander channels
and their cross-sections were carried out by the Author under the
supervision of Dr. A. Ervine.

At the start of the project, when the experimental program
of meander channels was defined, it was already intended to
investigate two sinuosities, one less than 1.5 and other one 
around 2.0. At the same time, it was thought that the plan 
geometry and the cross-section of each meander channel, moulded 
in S.E.R.C. flume, should have a pattern similar to the ones 
found in nature. Based an studies of river morphology, 
researchers such as Leopold and Wolman(1960), Chang(1987),
Zeller(1967) and Jansen(1979) (already mentioned in Chapter II), 
several key indicators were found that describe the trends of the 
plan geometry and the cross-section of natural river meanders.
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These key indicators were followed in the design of both plan 
geometry and cross-section of each meander channel.
3.2.3. Design of Plan Geometry of the Meander Channel

The criteria followed in the design of the plan geometry of 
the FIRST meander was:

- Bends composed by circular arcs, joined with straight 
cross-over lengths.
- Number of meander wavelengths at least 4 to allow 
flow development.
- Length of each straight cross-over : > 2.5 m
- Cross-Over angle: 60 degrees
- Bankfull Depth( h) : 150.0 mm
- Top Channel Width( Be) : 5h 20h
- Sinuosity < 1.5
- Meander Wavelengths X = 10 Bc( where Be is the topm
width )
- Bend radius Re = 2.5 Be
- Double Amplitude of Meander(a) a = 0.5X for sinuositym

<1.5.
- Floodplain Wic\i^( Wt): Wt= 10 2 0  Be
- Width of floodplain outside the meander belt to be
wide enough to allow shear layers to develop.

The equations involved in the optimisation design of the 
plan geometry were:

CL = 2 [ X /4 - Rc cos( 90 - a )]/ ( cos a )m
a = 2(Rc - bi)
bi = [ X /4 - (CL/2)/(cos a)]/ tan ocm

(3. 1)
(3.2)
(3.3)
(3.4)
(3.5)

Wm — a + Be
Wf = [10 - Wm ]/2

(3.6)
where,
X is the meander wave lengthm
Rc is the central radius of the meander 
a is the double amplitude of the meander
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Wm is the width of meander belt
Wf is half of floodplain width outside Wm
CL is the cross-over length
Be is the top width
r is sinuosity of the meander
oc is half of centre angle of the meander
These parameters are sketched in Fig( 3.9a).

Based an the above equations, a computer program was
prepared which allowed the simulation of several hypotheses of
meander geometries. After some trials it was decided to consider 
the following input values :
Flume Area for Moulding the Meander Channels:

- Total Length of The Model: 49.0 m
- Width of The Model: 10.0 m
- Meander Wave-length : 12.0 m
- Bend Central Radius : 2.743 m
- Cross-over Angle : 60 degrees
- Top Width of main channel: 1.2 m
- Bankfull Depth: 150.0 mm 

The output results were:
- Cross-Over Length : 2.5m
- Double Amplitude of The Meander : 4.91m
- Width of Meander Belt : 6.11m
- Half Width of Floodplain Outside Meander Belt: 1.95 m
- Sinuosity : 1.374
- Number of Wavelengths : 4.0

Checking if the geometry of the first optimised meander is in 
agreement with the key indicators we obtain,

S.E.R.C. Model Ratio Key Indicator

The level of agreement between the proposed ratios and the key 
indicators appears to be acceptable.

A / B e  = 1 2 / 1 . 2  = 10Tflr

Re/Be = 2. 7 4 / 1 .  2 = 2 . 3  
A /Re = 1 2 / 2 . 7 4  = 4 . 3 8rrr
a/A = 4 . 9 1 / 1 2  = 0 . 4m
B c / h  = 8

A / B e  = 10( Zeller(1967))
Re/Be = 2.4 (Chang(1987))
A / R e  = 4.6 (Leopold(1960 ) )ff\ A
a/A = 0.5(Jansen(1979)) whenm
5< Bc/h< 20
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Taking into account the flume length, the number of meander 
wavelengths chosen was four.

Fig(3.9b) shows a plan view of the proposed meander with 
sinuosity 1.374. Fig(3.10) shows four wavelengths of this meander 
inserted in the layout of S.E.R.C. flume. This design was adopted 
for the test programme.

Similar steps and criteria were followed in the design of 
the SECOND meander channel with sinuosity approximately 2.0. The 
criteria adopted was:

- Flume Area for Moulding the Meander Channels:
- Length: 49.0 m
- Width: 10.0 m
- Channel Top width : between 0.8 and 1.2 m
- Maximum Bankfull Depth : 150.0 mm
- Cross-Over Angle: 110 0
- Central Radius: between 1.8 and 2.743 m
- Meander channel composed by circular arcs and straight 

lengths( as before)
- Number of Wavelengths( A ): at least 4(as before)m
- Sinuosity: Approx. 2.0
- Straight Cross-Over Length: between 0 and 0.5m.
- Amplitude to be approximately 0.8 A for sinuosity aroundm

2 .
- Width of floodplain outside the meander belt to be wide 

enough to allow shear layers to develop.
It was realized that in the case of this high sinuosity, the
floodplain width outside of the meander belt was much smaller 
than in the first case of sinuosity 1.374. In order to achieve 
the final criterion for the need of normal development of the
lateral shear layers outside the meander belt, it was necessary 
to compute what shear layer width would be developed.It was
decided to use the formula derived by Samuels(1985) for the width 
of lateral shear layers in straight compound channels, which 
could give an approximate value. The formula derived by
Samuels(1985) is in the form
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1/4 1/2
<5 = 5. 7 [ D / ( g Sf )] c (3.7)

where
D is the flow depth 
g is the gravity force 
Sf is the friction slope 
f is the friction factor
e is the eddy viscosity which can be expressed by the formula 
suggested by Cunge (1980):

1/2
e = C Uoo ( f / 8 ) D (3.8)
where
C is a coefficient that varies between 0.23 and 0.6 

V ’ co is the free stream velocity
In this case the values considered were D = 0.10 m, g = 9.8 m/s , 
f = 0.035, Sf= 1/1000, c ranges between 0.0004 and 0.0011 m, and 
Uoo = 0.265 m/s. For this set of input values 8 ranges between 
0.47 m and 0.76 m so it was agreed to make the width of the 
floodplain outwits the meander belt, at least 0.7 m wide.

The other equations used in design of the second sinuosity
plan geometry were:
X = 4 [ Rc cos ( a - 90 ) - CL / 2 sin ( a - 90 )] (3.9)m
a = 2 [ Rc + Rc sin( oc - 90 ) + CL / 2 cos ( a - 90 ) ] (3.10)
Wm = a + Be (3.11)
r = 2 [ 2 ir Rc ( 2 a ) / 360 + CL ] / A (3.12)
where all the parameters have meaning previously defined.

Based an the above equations, simulation of several plan 
geometries of meanders with sinuosities near 2.0 was carried out 
by a computer programme. This analysis produced four versions of 
meanders whose characteristics are presented in Table(3.1).

Version number 2 was the one chosen to be modelled in 
S.E.R.C. flume with an important advantage in that the central 
radius, the top width, and the bankfull depth have the same 
values as in the first meander with sinuosity 1.374, thus 
allowing comparison between the experimental results obtained 
with both sinuosities. Besides that, the floodplain width outside
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the meander belt was 0.72 m, which is, following the results 
obtained with Samuels (1985) wide enough to allow the
shear layer to be fully developed.

Checking if the second geometry of this meander is in 
agreement with the key indicators:

S.E.R.C. Model Ratios Key Indicator
A / B c  = 9.97/1.2 =8.3 A / B c  = 10( Zeller(1967))
R c/Bc =  2 . 7 4 / 1 . 2  = 2 . 4  Rc/Bc =  2 . 4  (Chang( 1987))
A / R c  = 9.97/2.74 = 3.63 A / R c  =4.6 (Leopold(1960))

rrv

a/A = 7.8/9.97 =0.8 a/A = 0.8(Jansen(1979))
in

when r = 2.0 
B c / h  = 8  5< B c / h <  2 0

The level of agreement between the proposal and the key 
indicators seems to be acceptable.

Taking into consideration the flume length, the number of 
meander wavelengths chosen was four and a half.

Fig(3.11) shows a plan view of the proposed meander with 
sinuosity 2.04. Fig(3.12) shows four and a half wavelengths of
this meander inserted in the layout of S.E.R.C. flume. This 
design was adopted during the test program with sinuosity 2.04.

3.2.4. Design of the Main Channel Cross-Sectional Geometry

Two types of cross-sections were moulded inside the meander 
channel with sinuosity 1.374. The first cross-section studied, 
shown in Fig(3.13), was trapezoidal with dimensions 0. 9 m bottom 
width, side walls inclined 1:1, 0.15 m bankfull depth, and 1.2 m 
main channel top width. With this particular cross-section, it 
was intended to establish a comparison with previous results of 
Series A tests performed with straight compound trapezoidal 
channels. The second cross-section was achieved by putting 
concrete inserts into the trapezoidal cross-section, thus giving 
a "natural" cross-section moulded into the main channel. Here it 
was intended to represent a more realistic cross-section, similar 
to those rivers usually develop in nature, with pools at the
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bends and riffles at the cross-over region.
The method of the insert design is illustrated in Table

(3.2) and Table (3.3). Seventeen data sets of natural river 
bends, shown in Fig(3.14), were used in the analysis with each 
bend apex idealised into ten non-dimensional ratios as shown in 
Table(3.3). This data were averaged for all 17 cases to produce a 
typical bend apex cross-section, which is sketched in Fig(3.15).

Fig(3.15) shows the 17-bend average as well as the chosen 
bend design used on the S.E.R.C. flume. This cross section 
applies to the bend apex only, with dimensions shown in detail in 
Fig(3.16).

The remainder of the main channel cross-sections were 
determined by simple rules:

(i) The flowing cross-sectional area below bankfull level is 
constant at all cross sections.
(ii) The main channel cross section at the cross-over region 
is trapezoidal.
(iii) All changes in cross-sectional geometry between bend 

apex and cross-over region are linear.
Table(3.4) shows the equations, the method applied and the

area of each sub section in the design of the inserts of the
natural channel with sinuosity 1.374. Table(3.5) presents the
geometric elements of each section. The inserts of the natural
cross-section of the meander channel with sinuosity 1.374 are
sketched in Fig(3.17).

Because of time constraints, sinuosity 2.04 was studied only 
with the natural cross-section. The inserts were designed 
following a procedure similar to one used above

Table(3.6) shows the equations, the method applied as well 
as the area of each cross section. Table(3.7) presents the
geometric elements of each section. The inserts of the natural
cross-section of the meander channel with sinuosity 2.04 are
sketched in Fig(3.18).
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3.2.5. Construction of Main Channel Meander and
Floodplains

Based on design drawings of the plan geometry of the meander
channel with sinuosity 1.374 and assuming a rectangular
cross-section of 1.2 metres wide and 0.15 metres deep, the
carpentry section of the H.R. Ltd workshop prepared the main 
channel templates in wood for a complete meander wave-length.

As a reference for the construction of the meander model, 
three datum points were implanted into one side of the S.E.R.C. 
flume, one at the upstream end, the second in the middle and the 
third at the downstream end of the flume. The zero datum was
chosen to be the upstream one. All three were levelled by an
automatic level.

To produce the first meander channel, the floodplain of the 
previous straight compound channel Series A test was cut away to 
expose the bottom of the S.E.R.C. flume, over a width of 
approximately 6.5 metres.

After removing all demolition material, the flume centre 
line was marked on the bottom bed. On this line the tapping 
points were marked at 6 metre intervals to indicate the centre of 
each cross-over and the position of each bend apex was marked as 
well. These two points give the references to which the wood 
moulds of the meander channel could be accurately placed on the 
flume bed. Hard board were also placed at each bend apex
cross-over section perpendicular to the flume side walls. By
using an automatic level, each hard board and the mould of 
meander channel were levelled in the longitudinal direction with 
slope 1/1000, which was the specified longitudinal slope for the 
floodplain. The hard board and the moulds of the meander channel 
gave support for the levelling procedure of the mortar. 
Simultaneously with this process, 2 inch diameter steel pipes 
were laid between the middle point of each cross-over and the 
side wall of the flume. These acted as the conduits from tapping 
points prepared at each middle point of the cross-over for the 
purpose of carrying out stage and water level measurements.
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Once the moulds of the meander channel and the wood forms 
were positioned in S.E.R.C. flume and levelled, the next step was 
the construction of the floodplain. This was done by filling the 
floodplain areas with hardcore, leaving a thickness of 20-30 mm 
for the mortar layer. The hardcore was wet and compacted, and
upon which a layer of mortar was laid down. With the help of a
screening board, the mortar was levelled to a slope 1/1000. 
Fig(3.19) shows a photographic view of this phase of S.E.R.C. 
flume's construction.

Once the mortar was laid, the moulds of the meander channel 
were carefully removed to leave a rectangular cross-section. 
Templates with the trapezoidal configuration were then positioned 
at regular intervals against channel sides which, when moulded, 
produced a trapezoidal section with side walls inclined 1:1.

This process was repeated over the remaining meander 
wave-lengths.

Once the construction was finished, the entire floodplain 
and the main channel were surveyed using an automatic level. In
the survey a grid lm per lm was used. The floodplain and main
channel levels were referenced to the upstream datum. In order to 
obtain the floodplain slope, a best fit plan was adjusted to the 
complete set of levels at lmxlm intervals. For the sinuosity 
1.374, the slope of the best fit plan found was 0.996/1000. All 
flume areas with discrepancies greater than 1.5 mm were 
corrected.

After finishing the test program with sinuosity 1.374 and 
trapezoidal cross-section, the inserts of natural cross-section 
were inserted into the main channel. In the bend region, the 
inserts were placed at 20 degree intervals, together with three 
inserts in the cross-over region. The process of moulding was 
basically to fill with mortar the volume limited by two inserts 
tied-in with the bed of the previous meander channel.

After modelling the entire meander channel with natural 
cross-section, the geometry of each cross-section was surveyed. 
The check included the verification of levels, lengths and 
slopes. In some sections level discrepancies as high as 5.0 mm
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were noticed. Fig(3.20) shows the heavy inserts built in S.E.R.C. 
flume, after the survey has been carried out which differ 
slightly from the design. However, the cross sectional area of 
all sections was practically constant. A view of bend region of 
the natural meandering channel for sinuosity 1.37, after 
construction, is shown in Fig(3.21).

Similar process was followed in the construction of the 
second sinuosity (2.04). The only difference was in relation to 
the moulding procedure followed for the natural cross-section. 
The Author suggested a different moulding procedure using a 
system of male-female, as shown in Fig(3.22). Significant 
improvements in accuracy were achieved with this new method of 
moulding. After the survey of the resulting cross-sections, 
discrepancies found were less than 1.5 mm. The slope of best fit 
plan for sinuosity 2.04 was 1.02/1000.

In all cases the finishing of the mortar was excellent. In 
hydraulic terms the mortar surface can be considered smooth.

The test program included also tests where the floodplain 
was roughened, simulating the presence of trees in a natural 
floodplain. This kind of roughness was reproduced by wood frames, 
containing vertical rigid rod elements in wood, 25.0 mm diameter 
with a triangular distribution of an angle of 60°and with a 
density of 12 rods per m2. Fig(3.4) shows a plan view of a large 
roughness frame applied in S.E.R.C. flume. All these frames were 
built by the carpentry section of H.R. Ltd.

This pattern of rods was used also in Series A tests 
therefore allowing the results obtained in both programs to be 
compared. D'.etailed analysis of the rod roughness can be obtained 

Ackers(1991).

3.3 INSTRUMENTATION

3.3.1. Introduction

S.E.R.C. flume Series B was equipped with:
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- Orifice Meters for flow discharge measurement;
- Digital Gauges for stage recording;
- Vane for streamline angle measurement;
- Mini-Propeller, for flow velocity measurement;
- Preston Tube for boundary shear stress measurement;
- Churchill Probes for water surface level measurement;
- LDA for Reynolds stress and turbulence intensity
measurements.

This section presents a detailed description of above
instruments used in the experimental programme of S.E.R.C. Series 
B, including calibration procedures, mode of operation, 
cross-checks and test program.

3.3.2. Orifice Meter and Differential Manometers for Discharge
Measurement

The discharge delivered by each pump was measured by an
orifice plate meter connected to differential water pressure 
manometers. These orifice meters were inserted in a long straight 
pipe reach, downstream of the pumps and before the inlet tank 
Both the orifice plate and length of the pipe, upstream and 
downstream of the plate location, were designed in agreement with 
the British Standard BS1042. The differential pressure generated 
by the orifice meter was read in a differential water manometer. 
Tables of values of the calibration curves for each orifice meter 
were prepared by Hydraulic Research Ltd.

The orifice plate and the differential pressure manometer 
were connected by transparent tubes which were carefully purged 
each day to remove any bubbles inside the tubes which would 
significantly affect the readings in the differential manometer.

When the Flood Channels Program started, the first task the 
Author was involved with, was to check the validity of the 
calibration curves for each orifice plate. The check was done by 
verifying if the same discharge, when delivered by different 
pumps, and measured by different orifice plates produced the same
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uniform depth. An error was found in the orifice plate for pump 
No. 1 which was corrected and gave good agreement with discharges 
measured by pumps number 2,3,4 and 5.

Besides this check, discharges measured by each orifice 
meter were compared with discharges obtained by the velocity 
integration method carried out from the measurements of 
streamline angles, velocities and water depths, at bend apex. The 
difference between discharges obtained by both procedures is 
shown in Table(3.8). The error between both methods was always 
less than 4 % demonstrating that the calibration curves of the 
orifice meter were correct.

3.3.3 Stage Measurement

The water levels in the meandering channel, were measured by 
using digital gauges in stilling pots, as shown in Fig(3.23). At 
the mid-way point of each cross-over length (Fig(3.10) and 
Fig(3.12)), there was a tapping point which was connected to a 
stilling pot at the side of the flume. The connection from the 
tapping point was made by a 2 inch pipe tube until the flume 
side-wall was reached, followed by a 10 mm transparent rubber 
tube into the stilling pot. The digital gauge runs inside the 
stilling pot and reads the water levels to an accuracy of 0.01 
mm. In fact, the water level reading inside the stilling pot 
corresponds to the water pressure in the point where the tapping 
point is located. During the test program it was assumed that the
pressure distribution for both inbank and overbank cases was
hydrostatic. This assumption was verified as being reliable later 
on.

The calibration procedure involved not only the digital
gauges themselves, but also the physical measurement of the water 
level that is associated with the reading given by each digital 
gauge.

The calibration of digital gauges was carried out by the
Electrical Services of H.R. Ltd.
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The determination of the zero of each digital gauge was made 
with the assistance of a special kind of tripod containing a 
shaft that rotates freely.

A calibration procedure developed by H.R. Ltd was used in 
the calibration of the zero of each digital gauge.

Each day, before uniform depth was set up in S.E.R.C. flume, 
two operations were carried out. First, the pointer of each 
digital gauge was cleaned with a special acid. Second, the 
stilling pots were filled with water, in order to purge the tubes 
that connect them with the tapping points.

The water levels taken from the digital gauge were averaged 
from four readings. In order to record all these readings, there 
was a standard sheet where these values were filled in.

Water temperature was taken with a centigrade thermometer, 
with an accuracy of 1 degree. The temperature was measured inside 
the inlet tank, at the beginning of the tests and at the end of 
the tests. Significant increases of temperature were noticed 
between both readings, reaching, sometimes, three to four 
degrees. This seems to be attributed to the continuous 
circulation of water through the pumps.

The water temperature was measured because its value affects 
the calculation of water viscosity, and Reynolds Number which is 
a decisive parameter in the study of flow resistance.

3.3.4. Vane for Measurement of Streamline Angle

Measurements of the stream angle in the three-dimensional 
compound meandering flows in S.E.R.C. flume, were carried out by 
a vane connected to a rotary potentiometer. Two different systems 
were used for the measurements. The first system was designed to 
measure the stream angle in the main channel, although covering 
also a narrow strip of the floodplain, 300 mm out from both edges 
of the main channel. This system will be named the "Main Channel 
System". The second system was designed to carry out measurements 
of stream angles on the floodplain region. In order to
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distinguish this system from the previous one it will be named as 
the "Floodplain System".

In the "Main Channel System", the measurements of the 
streamline angle of the current were carried out using a 
connected to a rotary potentiometer as shown in Fig(3.24). The 
vane and the potentiometer run along a 2 metres wide traverse, as 
part of a rigid instrument carriage. Two different instrument 
carriages were designed for the Series B S.E.R.C. programme. One, 
for the meander channel with sinuosity 1.374 and other for the 
higher sinuosity 2.04. In order to carry out measurements of the 
streamline angle in the bend region, the instrument carriage has 
to have the facility to rotate thus aligning it normal to the 
main channel walls. This is seen more clearly in Fig(3.25) for 
Sections 1 to 6. Unfortunately in the case of the smaller 
sinuosity, the instrument carriage could rotate only by ± 40°, 
thus measurements at Section 6 and in fact up to Section 11 
carried out with traverse running parallel to the cross-over 
direction( 30 degrees). For the higher sinuosity case the 
instrument carriage did not have any restriction in relation to 
the angle of rotation of the traverse. Both instrument carriages 
were supported by a large rigid beam and they could slide 
manually along one of the edges of the large beam. The carriage 
was manually positioned in the section where the measurements 
would take place.

The coordinates of the grid of streamline angle measurements 
(undertaken with the vane in the main channel), were previously 
defined in a computer file. Simultaneously the movements of the 
vane were robotised by two motors, controlled by a computer 
programme. This program, written in Turbopascal, ran on a PC 
Vanilla computer. After sampling the data over 30 seconds, the 
computer program calculated average values of streamline angles 
and stored the results in the same file containing the 
coordinates of the grid. This file is then used in the next stage 
of velocity measurements with the mini-propeller. The conception 
and the design of this system was made by Miss R. Greenhill from 
Bristol University.
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The "Floodplain System", included a bank of three vanes with 
the respective potentiometers, mounted in a horizontal line on a 
carriage supported by a small beam. The instrument carriage and 
the bank of vanes were both moved manually. The vanes were 
separated horizontally by 500 mm and vertically they could be 
moved manually by increments of 10.0 mm. This instrument carriage 
was modified from a previous one that existed in Series A tests. 
The data, after passing through an A/D converter, was collected 
by a PDP 11/73 computer, where a program in Fortran 77 calculated 
time-average values of stream angles. The sampling time was 50 
seconds.

Calibration Procedures
Each potentiometer receives a constant input voltage of 10 

volts. As the vane rotates the rotary potentiometer changes its 
output voltage, which can vary between 0 and 10 volts. For each 
degree of rotation of the vane, the potentiometer responds by a 
certain variation of voltage. This ratio is called the 
calibration constant whose value is provided by the supplier. The 
domain of application of the calibration constant is restricted 
to a rotational amplitude that generally can not be greater than
330.0 degrees. The calibration constant of each potentiometer was 
checked by Bristol University.

The vane, sketched in Fig(3.24a), was composed by a fin 
attached to a small rod. Each fin and the respective rod, used 
during the test program, were balanced dynamically by Bristol 
University. The balance was performed in two steps. First it was 
attached to the shaft an eccentrically small weight, as shown in 
Fig(3.26a). Secondly the vane was spinned and the corresponding 
angle read. The spinning process was repeated at least one 
hundred times to check if there was any kind of statistical bias. 
If there was, the position of the eccentric weight was adjusted.

Mode of Operation
During the initial test programme carried out with the vane 

in the "Main Channel" system, it was realized that an angular
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error( 4 to 5 degrees) could be made quite easily, if the vane 
was not set up correctly. Thus a special method was developed 
jointly by the Author and Mrs. M. Johnstone, from H.R.Ltd., for 
setting up the vane. The steps were:
a) The motors were de-energised by switching off the power at the 
control box.
b) The vane and the rotary potentiometer were fixed to the 
instrument carriage.
c) Cables were attached from the rotary potentiometer to both the 
10 Volt supply and the signal output marked "vane".
d) The vane was lowered into the water and the carriage was 
adjusted so that the vane was over the required point.
e) At this stage, a voltameter is required for checking the 
output voltage of the potentiometer.
f) The voltameter cable was connected to the voltage output of 
potentiometer.
g) A calibrating ruler with groves inserted 100 mm apart, was 
placed on the bed of the flume, parallel with the section line 
and with the grooves coinciding with the vertical lines marked on 
the bed of the flume.
h) The vane was lowered on the required groove ( generally the 
section where the measurements started was 200 mm from the edge 
of the main channel).
i) The potentiometer and the attached protractor were rotated to 
the required angle.
j) A reading was taken from the voltameter. This reading was 
called the zero reading( around 5 volts),
k) The vane was raised and the ruler removed.
1) The vane was lowered and by small movements, the fin was 
placed in same position as previously, giving the same voltage
reading in the voltameter. If it was not the case, by moving
slowly the fin it was possible to reach the required value, 
m) The voltameter was unplugged and the cable that conveys the 
output signal to the computer was connected, 
n) The motors were switched on and the test could start.

The zero reading voltage in the voltameter, mentioned in
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point j, corresponds to a zero angle which is referenced as the 
streamwise direction of each section where the measurements were 
performed. Thus all angles were referenced in relation to the 
streamwise direction of the section.

Another aspect of the angle results that need to be 
explained, is the reference system used to define what is the 
meaning of a positive or a negative angle value. Looking 
downstream, in streamwise direction when the vane rotates in 
clockwise direction ( or to the right) the angle value, given by 
the computer programme was negative. If the vane rotates 
anti-clockwise, the angle value was positive.

Hiss. R. Greenhill prepared a manual that explains in 
detail' how to run the computer program for the angle and 
velocity measurements in the main channel system.

Test Program.
The test program of the measurements of the streamline 

angles in main channel and on the floodplain is presented in 
Table (3.9).

In the main channel region, the sections and the verticals 
where measurements were performed for both sinuosities are shown 
in Fig(3.25) to Fig(3.28). In Fig(3.25), a total of eleven cross 
sections were chosen covering half of a complete meander. In 
Fig(3.26) for the higher sinuosity a total of 14 cross sections 
were chosen covering just over a half meander. The half meander 
concept was allowable on the grounds of flow symmetry.

The distribution of vertical slices at each cross-section is 
shown in Fig(3.27) for the lower sinuosity and Fig(3.28) for the 
higher sinuosity. There were typically 21 vertical slices at each 
cross-section, extending 300mm on to the floodplains on either 
side of the main channel. In each vertical slice the first 
measurement was taken 10. 0 mm from the bed and the others with 
increments of 15.0 mm.

On the floodplain the measurements were made in a square 
grid of 0. 5m by 0. 5m, and the increments in each vertical were
10.0 mm.
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Cross-Checks
The stream line angle measurements were directly and 

indirectly cross-checked with results produced by other 
instruments. The direct method used, was to compare (for the bend 
apex section), angle values obtained by the vane with those from 
the laser Doppler velocimeter(LDV) values, calculated from the 
velocities components U and V. Both values presented an excellent 
level of agreement.

The indirect method used was to check if there was a mass 
balance for both inbank and overbank cases. This also involves 
the verification of the accuracy of the other measurements such 
as velocities by the mini-propellers and surface water levels by 
Churchill probe. The mass balance for both for inbank and 
overbank showed that the variation of the streamwise discharge 
was in agreement with the variation of transverse discharge. This 
analysis was carried out by the Author in some detail and 
submitted to the Series B Grantholders in the form of a detailed 
report. The analysis of the discharge distribution in S.E.R.C. 
flume, both for inbank and overbank cases, will be detailed in 
Chapter 6.

3.3.5. Minipropellers for Velocity Measurement

Introduction.
Measurements of velocities in S.E.R.C. flume were carried 

out using mini-propellers which were mounted on the same 
instrument carriage as that for the angular vanes. However, the 
methodology of measurement followed in the main channel was 
different to the one adopted on the floodplain. On the 
floodplain, three mini-propellers were fixed, recording only the 
velocity in the longitudinal flow direction. In the main channel, 
the mini-propellers was positioned at the same level as the 
streamline angle direction, thus measuring the resultant 
component of velocity along the streamline filament. Fig(3.29)
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shows the mini-propeller mounted on the "Main Channel" instrument 
carriage of S.E.R.C. flume.

Principles
H.R. Ltd has investigated the performance of

mini-propellers, when they are not aligned with longitudinal 
direction of the current. This study, published in report SM3, 
concludes that the "Cosine Law" can not be applied for streamline 
angles larger than 10 degrees. At the beginning of this project, 
it was realized that the angle of streamlines in the main 
channel region would be often much greater than the limit value 
of 10 degrees. Thus the system for measurements of velocities was 
designed in order to measure the resultant component of velocity. 
To convert the resultant velocity and the stream angle into
spanwise and streamwise components of velocity, the following 
equations were applied:

U = VR cos © (3.13)
V = VR sin © (3.14)

where:
U is the streamwise component of velocity
V is the spanwise component of velocity
VR is the resultant velocity
© is the angle of current in relation to the streamwise
direction.
The "Cosine Law" was applied inv^case of measurements of 

velocities on the floodplain, which were taken far away( more
than 500 mm) from the influence of the main channel region. In 
this case the angle of the streamlines was always less then 10 
degrees.

Calibration Procedures
As the flow passes through the blades of the mini-propeller, 

it starts spinning. Each time the blade completes a turn, a pulse 
is conveyed to the computer in form of frequency. The frequency 
of the mini-propeller rotation is associated to the local
velocity. Each mini-propeller has a calibration curve that
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relates its frequency with the local flow velocity. The 
mini-propellers were periodically calibrated in a special 
calibration canal designed by H.R.Ltd. The results were 
satisfactory.

Mode of Operation
The mode of operation was similar to the procedure described 

in relation to the vane. However in this case the movements of 
the mini-propeller were controlled by the computer file 
containing the coordinates of the grid and also the average angle 
of the streamlines previously measured by the vane. Two motors 
(mentioned already in the case of the vane), moved the 
minipropeller to the required position in the grid. An additional 
motor rotated the mini-propeller in agreement with the value of 
the stream angle of the corresponding grid point previously 
stored in the file.

The principles followed in the set-up procedure, data 
acquisition and analysis were similar to the vane case.

The test program, presented in Table(3.9), for the case of 
the vane measurements, was exactly the same for velocity 
measurements.

3.3.6. Churchill Probe for Water Surface Levels 

Introduction

In S.E.R.C. flume, local measurements of water surface 
levels were achieved by a Churchill probe, mounted on to the 
traverse. The probe is essentially a conductivity type probe with 
varying resistance (and voltage), as the water level varies. Thus 
it was necessary to determine the calibration curve that relating 
the water surface level variation with voltage variation. Mr. R. 
Hardwick (Aberdeen University), was the Research Assistant 
responsible for the measurements with the Churchill probe. 
Fig(3.30) shows the Churchill probe mounted in the instrument
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carriage.
The data acquisition and data analysis was jointly done by 

an A/D interface card and by a PDP 11/73 computer.
The movements of the probe were controlled by an Amstrad 

1512 computer,which is the same that controls the movement of the 
LDV( laser Doppler velocimeter).

Data Acquisition and Data Analysis
The electrical signal generated by the Churchill probe, was 

received by an A/D interface card of the PDP 11/73 mini-computer, 
which digitized the information. A computer programme in Fortran 
77 collected the data until the time of 50 seconds was exceeded. 
The same programe analysed the data and time-averaged values of 
local water surface levels were obtained.

Calibration
After achieving the uniform flow condition in S.E.R.C. 

flume, the Churchill probe was immersed and placed on the 
vertical that coincides with one of the cross-over tapping 
points, usually located in middle of the section. The reading of 
water level of the corresponding stilling pot and the voltage 
generated by the probe will give the initial values. By using the 
Amstrad computer, the Churchill probe was moved in increments of 
1 mm and the corresponding average voltage was registered. Thus 
a calibration curve that relates increments of vertical 
displacements against the increments of voltage was produced.

The calibration procedure was carried out at the start of 
the test and at the end, because there was some changes in the 
voltage, introduced probably by temperature variations. The mean 
of the two calibrations was considered for determination of the 
water surface level.

The calibration curve was checked with values of water 
levels given by other stilling pots. No apparent discrepancies 
were noted.
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Test Program
In the main channel water surface levels were measured at 

the same verticals as in the test program of the stream angles 
and resultant velocities. On the floodplain, measurements of 
water surface levels took place in a square grid of 0.5 metres.

3.3.7. Preston Tube for Boundary Shear Stress Measurement

Introduction

Measurements of boundary shear stress were carried out 
by 4. 02 mm diameter Preston tube, connected to a 5 millibar 
pressure transducer. The Preston tube and pressure transducer 
were mounted in the instrument carriage are shown in Fig(3.31).

The Preston tube was placed manually on the bottom surface 
of the flume, and boundary shear stress was measured for a 
sinuosity 1.374 and 2.04 main channel and floodplain, natural 
section and trapezoidal section, inbank and overbank cases with 
smooth floodplains. In the main channel the Preston tube was 
placed parallel to the main channel walls direction while on the 
floodplain it was parallel to the longitudinal direction.

Principles of The Preston Tube
Preston(1954) invented a method for measuring boundary shear 

stress in pipe flows and in boundary layers, by using of a 
Preston tube, whose operating principles are exactly the same as 
a Pitot tube.

His method is an indirect method of measuring turbulent skin 
friction. It depends upon the assumption of a universal inner 
law( or law of the wall) common to boundary layers and fully 
developed pipe flow. A non-dimensional and empirical relationship 
was established between the Preston tube reading and skin 
friction, which was expressed as,
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where Ap is the Preston tube reading( i.e. difference between the
dynamic pressure and static pressure), d is the diameter of the
Preston tube, r is the wall shear stress , p is the fluid' o
density and v is the kinematic viscosity and F is the function 
that can be determined from measurements in fully developed pipe 
flow. Based in the above relationship Preston(1954) obtained 
experimentally a calibration curve that relates differential 
pressure with the skin friction.

Further investigations, carried out in this field by other 
researchers, pointed out that the original calibration curve
proposed by Preston(1954) was in error. Patel(1965) (Cambridge 
University), carried out experimental work and following the same 
procedure as suggested by Preston(1954), obtained a revised 
calibration curve. From his work, Patel(1965) identified three 
regions where the experimental data fits the calibration curve
within ± 1.5 Assuming the non-dimensional parameters X and
Y*are defined as being,

X = log 1 o

Y = log1 o

Ap d‘
p

4 pv'
, 2 r d0

_ 4 p v ‘

(3.16)

(3.17)

Patel(1965) derived the following empirical non-dimensional 
equations

a) Region 1, for X*< 2.96
X* = 2Y*- 0.037 (3.18)
b) Region 2, for 2.96 < X*< 5.6
Y* = 0.8287 - 0.138X* + 0.1437X*2 - 0. 006X *3 (3.19)
c) Region 3 for 5.6 < X*< 7.6
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Y* = X* - 2 log ( 1.95 Y* + 4.10) (3.20)

In the second equation Y* is calculated by an iterative 
procedure. This method (as reported by Preston(1954)), presents a 
restriction in relation to the diameter chosen for the Preston 
tube. The tube diameter must not be greater than 1/5 of the 
boundary layer thickness. For the Preston tube used in this study 
with a diameter 4.02 mm, the above condition implies that 
measurements of shear stress should be done for flow depths 
greater than 20.00 mm.

Data Acquisition and Data Analysis
In the Preston tube, the pressure differential between the 

dynamic pressure and the static pressure which activates the 
pressure transducer, producing an analog electrical signal. This 
signal is received by the interface card of the PDP 11/73 
mini-computer and is digitalized in milli-volts, which are 
averaged during 50 seconds.

This data coming from the pressure transducer is analysed by 
a program which calculates the average boundary shear stress. The 
computer program was written by Dr. K. Shiono (Bradford 
University), in Fortran 77, containing some instructions in 
machine code that activate the A/D interface card. The procedure 
followed in using the program as follows:
a) To initiate the program, input file name, temperature, static 
voltage, diameter of the Preston tube and the identification of 
the pressure transducer.
b) To start sampling, the input values are coordinates of the 
vertical where the readings were taken, number of scans( eg. 20), 
sampling time( eg. 0.5 seconds), number of cycles( eg. 5.0).

The program itself was basically structured in three main 
parts. In the first part, the A/D interface card transforms an 
input electrical signal in digits and sequently a calibration 
curve changes these digits into milli-volts. In the second part 
(using the calibration curve of the pressure transducer), the
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average value of milli-volts is transformed into differential 
pressure. From the input value of temperature, water viscosity is 
calculated through the correlation equation that relates both 
parameters. In the third part, the non-dimensional parameter X* 
is computed. This allows identification of the flow region and 
the corresponding equation that calculates Y . Once Y is 
calculated, the value of t o  can be immediately obtained.

The program gives the following outputs namely coordinates 
of the point where the measurements took place, average value of 
voltage coming from the pressure transducer, average value of 
boundary shear stress.

Mode of Operation
The connection between the pressure transducer and the 

Preston tube was made by two rubber tubes, one linked to the 
static head pressure and the other one connected to dynamic head 
pressure. Both connections could be controlled in the pressure 
transducer through two valves. There is an additional valve in 
the pressure transducer which facilitates the purging of the 
system( Preston tube, small tubes, and pressure transducer). This 
third valve is also connected by a small rubber tube, which is 
filled with water and immersed in a bucket.

During the test programme a lot of care was taken to ensure 
that the Preston tube, the three rubber tubes, and the pressure 
transducer were fully purged. From previous experience it was 
known that small air bubbles in the system could affect 
significantly the results.

The procedure followed in operating the system was the 
following:

a) Three rubber tubes were connected to each pressure transducer 
valve and were maintained tightened by application of special 
type of screw which does not allow any air to come inside the 
tubes.
b) All three valves of the pressure transducer were open.
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c) The rubber tube connected to the third valve ( the one made 
specially to facilitate the purging procedure) was immersed 
inside of the bucket with 3/4 filled of water.
d) The valve connected to the dynamic head pressure tube is
closed.
e ) The tube connected to the static head pressure is sucked until 
water starts flowing freely without any bubble.
f) There is now flow circulating between the third tube, which is 
immersed in the bucket, and the static head tube.
g) The extremity of the static tube is left free in the air, and 
water is flowing from the bucket, through the third tube,
pressure transducer and discharging into the SERC Flume.
h) The valve connected to the dynamic tube is open.
i) The steps e, f and g are repeated for the dynamic head tube.
j) At this stage there is water circulating from the bucket,
third tube, pressure transducer, static head tube or dynamic head 
tube and discharging to the SERC flume.
k) The static head tube and dynamic tube are connected to the 
Preston tube, by using the same kind of screws already described 
in a).
1) At this stage, there is water coming out from the Preston tube 
through the static head hole and the dynamic head hole, 
m) The Preston tube is immersed in water that is flowing in the 
flume.
Although it is not possible to see, because the pressure 
transducer box is enclosed, there is often some air bubbles
inside the pressure transducer. A method was devised to eliminate 
these small air bubbles namely,
o) The bucket is positioned in a level much higher than the 
pressure transducer and flow circulation between the bucket and 
the Preston tube is increased, eliminating any remaining air 
bubbles.
p) At this stage all the system is fully purged and conditions 
are prepared to make the test for the measurement of static 
voltage.

To run the boundary shear programe, first it was necessary
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to obtain the static voltage of the pressure transducer. The 
static voltage is the voltage that the pressure transducer 
generates when the Preston tube is immersed in static water, that 
is the differential pressure is zero. The procedure followed to 
obtain the static voltage was the following: 
q) The Preston tube is immersed in a second bucket with 3/4 of 

water( in a level lower than the first bucket) and the additional 
valve is closed.
r) The computer programme runs and the static voltage is 
measured.
s) An average value of static voltage was calculated from five 
runs.
t) With the value of static voltage known, the additional valve 
is open and Preston tube(that is placed in a level lower than the 
first bucket) is transferred and immersed in water that is 
flowing in the SERC flume.
u) The Preston tube is manually placed in position to start 
measuring the boundary shear stress of that point, 
v) The additional valve is closed and the computer programme can 
restart to run.
x) The first set of average values of boundary shear stress and 
milli-volts appear in screen of the computer.

Calibration
Before the start of each test programme, the A/D interface 

card was checked and calibrated. The procedure used was to 
introduce a known voltage inside the interface card, run the 
computer and verify if the result coming from the programme was 
giving the same voltage. By this process the curve that relates 
digit numbers with milli-volts was recalibrated and this 
instruction in the computer program was corrected. This work was 
done jointly by the Author and Mr. D. Wilmer, from the H. R. Ltd.

The 5 millibar pressure transducer was periodically 
calibrated in Bristol University.
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Test Program
The test programme of measurements of boundary shear stress 

with Preston tube included two series of measurements. In the 
first series, measurements were made at the same verticals and 
sections as the turbulence measurements with the laser. In the 
second series, measurements of boundary shear stress were 
performed also to cover the complete main channel and floodplain 
region. Tests were done for natural cross-section; sinuosity 
1.374 and 2.04; and smooth floodplains. The test program of 
boundary shear stress is shown in Table(3.10). In the main 
channel, the verticals where the measurements of boundary shear 
stress took place, were approximately the same as the ones used 
for the measurements of the stream angles and the resultant 
velocities. On the other hand, the floodplain was covered by a 
rectangular grid of 1.0 * 0.5 metres, in the longitudinal and in 
transversal directions respectively.

Cross-Checks
As will be explained in section 3.3.8, the laser Doppler 

velocimeter can only work down to 12 mm from the bottom surface 
of flume. Therefore, the boundary shear stress values taken with 
the Preston tube were inserted as bottom values of the profile of 
Reynolds shear stress Zxz. Although there is not a direct check 
between both values, the bottom shear stress Preston tube 
measurements showed an excellent degree of correlation with the 
Reynolds shear profile Zxz. Another cross-check carried out was 
to compare the boundary shear stress values obtained on the 
floodplain region outside of the meander belt with the average 
bottom shear stress of a straight channel with same bed slope( 
Sq) and flow depth( H) which is calculated through z = pgR' So. 
The agreement between both results was also excellent.
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3.3.8. Laser Doppler Velocimeter

Introduction

A Laser Doppler velocimeter(LDV) is an optical instrument 
which allows the measurement of the instantaneous velocity of the 
tracer particles suspended in the fluid without disturbing the 
fluid.

The turbulence measurements of instantaneous velocity and 
Reynolds shear stress in the S.E.R.C. flume (Series B) were 
undertaken using two component argon-ion laser Doppler 
Velocimeter(LDV) system, which was supplied by TSI( model 9273). 
The components of the LDV system installed in the S.E.R.C. flume 
are shown in Fig(3.32). This type of LDV was operated by using 
the fringe model in backscater mode.

The measurements were taken using a 15 mm diameter 
submersible fibre-optic probe, which has a focal length of 80 mm 
from the front lens and was connected to the laser and processing 
system through 20 metres of fibre optic cable. The cable contains 
five separate cables, four transmitting fibre links and one 
receiving fibre links. Fig(3.33) shows the fibre optic cable as 
well as the submersible probe of the LDV, installed in the 
instrument carriage. Fig(3.33) also shows the probe emitting four 
laser beams, two blue and two green ones, respectively.

The optical and electronic equipment used in the laser 
velocimeter were two beam splitters, two Brag cells, lenses, 
apertures, two photodetectors and counter processors as well as 
microprocessors units.

The measurements of turbulent velocities and Reynolds shear 
stress were carried out mainly at the bend apex and in some cases 
also at a section 40 degrees downstream of bend apex. The 
measurements were carried for both sinuosities 1.374 and 2.04, 
for the trapezoidal cross section and natural cross section, for 
inbank and overbank flows and with smooth floodplains.

To operate this laser, it was necessary to have it seeded 
with an appropriate amount of scattering particles. Titanium
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dioxide( T^O ) was used as particle tracer and was manually 
injected in the flow, in a continuous way, 1.0 metre upstream
from the test section. The concentration used was 25 grammes of 
T 0 per 25 litres of water or 1 part per thousand(l PPT).i 2

Principles of Laser Velocimetry 
The Laser Doppler velocimeter uses the Doppler shift of

light scattered by moving particles to determine particle 
velocity and thus find the fluid flow velocity. The principle of 
Doppler shift is sketched in Fig(3.34). The general equation 
expressing the Doppler shift, fd, as a function of particle
velocity U is:

fd = fs-fi = — j— U ( e - e ) = 2 Ux ■■ sin(© /2) (3.21)A — s i  A 11 1
where:

fs is the frequency of scattered light
fi is the frequency of incident beam light
eg ê  are the unit vectors of scattered and incident light
A is wave length of incident light
U (U,V,W) velocity vector
U velocity along x-axis( Ux )
V velocity along y-axis( Uy )
W velocity along z-axis( Uz )
U U + u'
u' is the fluctuating component of velocity
U is the mean velocity
© is the angle between the beams
Because the laser beams use a monochromatic coherent light 

source, it makes possible to determine the values of fi and A es
e , if the geometry of the laser system is known. Once these
values are determined, the velocity of particle can be calculated 
from equation 3.21.

This laser, as mentioned in the introduction, operates with 
a fringe model in backscatter mode. The interference fringe is 
sketched in Fig(3.35), and offers a convenient method to
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visualizing the basis of Laser Doppler Velocimetry. As two 
monochromatic and coherent laser beams with planar wave front 
meet, they yield a interference pattern of fringes at the beam 
crossing.

The distance between fringes Sf can be calculated from the 
half-angle e/2 between two beams and wave length of the laser 
light.

Sf = — o — 7o (3.22)2 s m  © 1 / 2

A particle moving across the fringe pattern with velocity 
component Ux perpendicular to the fringe planes will scatter 
light at a frequency of fd

fd = = Ux/<5f '
Ai

2 sin © /2i'
2 Ux . ©l / _ _ _ *sin — (3.23)A l

An L D V  system can distinguish velocity direction when it is 
equipped with a Bragg cell. The Bragg cell emits an acoustical 
wave that shifts the incident beam wave length in multiples of 
the Bragg shift, fB. As soon as the incident beam is shifted by 
the Bragg cell, the fringes move rather than remain stationary. 
The result is a non-zero frequency for zero velocity. Without the 
Bragg cell, a measured frequency, fm, would give a velocity 
result of ± Vm. With the Bragg cell, the measured frequency would 
give velocities Vmi or Vm2 . If knowledge of flow behaviour 
eliminates Vmi, the system is able to identify the velocity 
direction.

The counter processor measures the time taken for a given 
number of cycles in a Doppler burst using a high resolution 
clock. The Doppler frequency is calculated based in the following 
equation,

.p Number of cycles .
f d -------Time ---- <3 2 4 >
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Mode of Operation
The laser was operated at the power of 300mW, generating 

four monochromatic coherent beams of light( two blue and two 
green), which, after passing all the laser components and the 
fibre optic cable, reached the head of optical probe . The four 
beams are focused to cross in an ellipsoidal measurement volume 
which is approximately 1mm long and 50 jiim in diameter. In the 
measurement volume the two green beams intersect in a plane that 
is perpendicular to the plane formed by the two blue beams. The 
scattered light coming from the measurement volume is collected 
by the probe and the signal is transmitted through the fifth 
fibre optic cable to the photodetectors and further on to the 
processor units. The blue beam with a wavelength of 488nm and a 
fringe space 4. 17/nm was used for measurement of the longitudinal 
component of velocity since the back scattered signal of the blue 
beam was more attenuated than the green beam which has a 
wavelength of 514. 5nm and a fringe space equal to 4. 36 /Lim. The 
green beam was used for measurement of either the vertical or the 
lateral component of velocity.

The frequency of shifting was 100kHz for the green beams and 
50kHz for the blue beams. The filter ranges in the signal 
processors were set at 30kHz to 200kHz for the green beam( U 
velocity component) and 100kHz to 400kHz for the blue beam( W and 
V component.

The input conditions were set as 8 cycles per burst, a 
single measurement per burst, with 1ms as the minimum time 
between data points and coincident window of 100/us.

Because one of the aims of the work was also to calculate 
Reynolds shear stress which is a cross-correlation event, the 
measurements of instantaneous velocity needed to be carried out 
at the same time. Thus both counter processors were synchronised 
to operate in coincidence mode.

Before the test program started the laser signal was 
optimized with a slow oscilloscope, by adjusting the optics for 
maximum amplitude and frequency of the burst.
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Data Acquisition System and Data Analysis.
The data transfer to a direct memory access(DMA) of the PDP 

11/73 mini computer was processed through the master signal 
processor. The data was collected until the time of 60 seconds 
was exceeded. The data rate of sampling was between 20Hz and 
100Hz and generally set at 50Hz for most of the time sampling.

Two computer programs were developed by Dr. Shiono (Bradford 
University), one for collecting data from the laser and other for 
analysis. Both programmes were written in Fortran 77, containing 
some sub-routines in machine code which activate the interface 
card. Both the raw data and the analysis were stored in
cassettes.

The first program calculates the instantaneous velocity in 
two directions and stores the time taken for each number of
cycles in a Doppler burst for both directions. The equations used 
in the programme are,

td, . ■ K -j y c i . .  ,

■ < > • “ >

Ul =  (fdl - fsl ) frl ( 3 . 2 7 )
U2 =  (fd2 - fs2 ) fr2 ( 3 . 2 8 )

where

fdi and fd2 are the Doppler frequencies in directions 1 
and 2.
Ui and U2 are the instantaneous velocity in directions 
1 and 2.
fsi and fs2 are the frequency shiftings applied in 
directions 1 and 2.
fri and fr2 are the distance between fringes in 
directions 1 and 2.

The instantaneous velocity and the sampling time are stored in a 
file of PDP 11 memory.
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Based on data obtained in the first program, the second 
program calculates average flow velocity, turbulence intensity 
and Reynolds shear stress. The recommendation from TSI, was that 
the time used as a weighting function for bias correction. The 
following equations were used in the program

Average Velocity
) ui ti

u = — -----  (3.29)
1 I *

Turbulence Intensity

I tl

Reynolds Shear Stress
Y u' u' * t t 

t - p — ---- ----1-----—  (3.31)
i j  y  1 1L i j

where subscripts i and j refer the direction of measurement.
All the data analysis made by the second program has been stored 
in cassette.

Mode of Control.
The probe head shown in Fig(3.33) was fixed on a 90° 

streamlined elbow shape which ran on a TSI two-axis transversing 
system. The transversing system used for the laser probe was 
exactly the same utilized for the measurements of the resultant 
streamline angle and velocity in the main channel, already 
described in section 3.3.4. This system was itself mounted on a 
bridge that covers the entire width of flume. The TSI 
transversing system could rotate and be positioned manually at 
any location along the flume. Once the probe was in position, 
movements were controlled by an Amstrad 1512 computer, covering
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2.0 metres in transverse direction and 0.5 metres in vertical 
direction, with a spatial resolution to within 2mm in the 
transverse direction and 0.5mm in the vertical direction. The 
probe head could rotate 90° in vertical plan in any direction.

During the tests, the elbow shape that holds the laser probe 
was kept in horizontal position for the measurements of velocity 
components U and W, and in the vertical position for the 
measurements of velocity components U and V. When the probe is ill 
the horizontal position a special reference panel was used to set 
the blue beams parallel to the longitudinal direction of the
flume. When the probe is in vertical position the green beams 
were set coinciding with the direction of a line marked on the 
slab of the flume that defines the main channel cross section.

For measurements near the free surface of the water, part of 
the laser beams were outside of the water and were reflected by
the wavy surface water/air. This produces too much noise in the
resulting laser signal. A solution found was by covering the 
probe by a cylindrical perspex tube full of water. Using this 
method the beams were always crossing the same medium(water), and 
also avoiding the effect of reflections. Before any test
programme started, the tube was fully filled with water and was 
carefully purged through a small rubber tube connected to the 
cylindrical tube, eliminating any of air bubbles.

Test Programme
The test programme of turbulence measurements with the Laser 

Doppler velocimeter is presented in Table (3.11).
The methodology adopted in defining the grid points for the 

laser measurements was,
a) to measure along the same verticals as those chosen for 

the measurements of streamline angles and velocities as already 
discussed in Section 3.3.4 and

b) to place a vertical in each corner of section and some 
near this area, as well.

The first condition allows a check on results obtained by 
different systems. This procedure can detect if there is
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something wrong with the equipment or if the flow was not set up 
correctly or for errors in measurement. In fact, when the test 
program started, the Author compared the results of velocity 
distribution given by the LDV system against the velocity 
distribution from the angle and velocity measurements taken by 
the vane and mini-propeller. After careful examination, it was 
noticed that there was a constant discrepancy between both
values. With the help of Dr. D. Knight, and Dr. Y. Fares
(Birmingham University), the entire procedure was carefully 
re-examined. It was discovered that in the program of the PDP, 
the instruction that tells the computer the value of frequency 
shifting was wrong for one of the beams. Thus this instruction 
in the computer program was altered and the results in both 
systems become almost the same.

With the second condition it was envisaged that a detailed 
study would be made of the effects of abrupt changes in the 
geometry of the cross-section in relation to the velocity and 
turbulent field. This is particularly true for the natural 
cross-section geometry with a number of abrupt geometry changes.

The laser presents some restrictions in relation to the 
highest( near the water surface) and deepest point( near the
bottom of the flume) where measurements can be carried out 
without noise interference. The recommendation of TSI was that
the highest point should be distanced 15 mm from the water 
surface and 12 mm from the bottom of the flume.

Cross-Checks
The results produced by the LDV were cross checked with 

results produced by other instruments:
- Velocities( U and V components) obtained by the laser, 

against the velocities( U and V components) calculated from the 
streamline angle and resultant velocity using the vane and 
mini-propeller.

-The trend evidenced in the vertical profile of Reynolds 
shear stress obtained by LDV was compared with the bottom shear 
stress values measured by the Preston tube.
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The cross-check on both cases showed an excellent level of 
agreement.

3. 4 GENERAL CALIBRATION AND CROSS-CHECKING

As a general rule, the Series B tests on the S.E.R.C. flume 
were subject to a rigorous regime of calibration of the 
instruments and cross-checking of results in as many ways 
as possible.

This is important in such a data set as this, where data 
will be used extensively for some years to come, especially in 
the field of calibrating numerical models.

The calibration procedures have already been outlined in the 
description of each instrument. The instruments subjected to the 
most rigorous calibration procedures were,

Vane
Mini-propeller
Differential Pressure Transducer
Churchill Probe
Orifice Plates
Whenever possible the measurements given by an instrument 

were cross checked by another instrument or by some different 
method. This has already been discussed in the description of each 
instrument but is also summarised in below.

3.5 SETTING-UP UNIFORM FLOW IN THE S.E.R.C. FLUME

The entire testing programme for Series B was based on 
steady "uniform" flow in the flume. The concept of uniform flow 
in this case, is better defined as "quasi-uniform" flow in the 
sense that meandering compound flow is so disturbed and wary and 
with local variations in water level, that a constant flow depth 
is not possible.

It was therefore decided to make the definition of uniform
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flow based on a best-fit line through tapping point measurements 
along the flume centre-line and at fixed points in each meander 
wavelength.

The steps followed in setting up the uniform flow were:
- A known discharge was set up.
- The tailgate position was read.
- The surface levels in each tapping point were measured.
- The best fit line was adjusted to the water surface levels and 

the surface slope was calculated by a computer program..
- Another tailgate position was chosen, and after repeating the 

process again, a new surface slope was calculated usually 2
points in M2 backwater curve and 2 points in Mi backwater curve
as sketched in Fig(3.36).

- After carrying out this process a total of 4 times surface 
slope and normal depth were plotted against tail gate position( 
normal depth chosen was the one of the measuring section).

- By a graphical procedure, the normal depth and the tail gate 
position were obtained for the required surface slope So(
longitudinal slope of the floodplain which in this case was 
1/1000).

- The entire process was repeated for another discharge.
- Based in values of discharge and uniform depth the normal 

depth-discharge curve was built up as the Rating curve for the 
flume.

- For a precise setting of normal depth and discharge to give a 
certain depth ratio(H-h)/H (ex. 0.25, 0.40), the normal
depth-discharge curve and normal depth-tail gate curve were 
interpolated.

This process is sketched in Fig(3.36).
As was previously mentioned, each tail-gate had a scale 

which allowed accurate control of its opening. Before each test 
programme was started, all the tail gates were levelled by an 
automatic level and the reading on each scale was adjusted to the 
same value.

During the process of getting the uniform flow in S.E.R.C. 
flume Series B for inbank case, only one tail-gate was operated
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while all the others were maintained in closed position and 
levelled. For sinuosity 1.374 the tail gate used was the second 
from the left bank( Fig(3.10), while for the other sinuosity it 
was the first from the right bank( Fig(3.12)).

For the overbank case the uniform flow conditions were 
achieved by operating all five tail gates. In this case the crest 
of each tail gate was approximately positioned at the same level. 
The position of each tail gate was controlled by a reading taken 
from a ruler.

3.6 PROGRAM OF TESTING (S.E.R.C. FLUME)

The complete programme of testing for the Series B, S.E.R.C. 
flume study is given in Appendix I-a. This is in the form of a 
schedule prepared by Professor Sellin (University of Bristol) 
covering the entire two year testing period. The schedule of
testing shows the programme on a weekly basis, giving details of
the work involved and which Research Assistants were involved at 
any given time. This is a useful record of the work done.

As well as this form of record, we have already
discussed the streamline angle measurement programme (Section
3.3.4), the miniature propeller meter velocity programme (Section
3.3.5), the Churchill probe water level recording programme 
(Section 3.3.6), the Preston tube boundary shear stress programme 
(Section 3.3.7), and the LDV turbulence and Reynolds shear stress 
programme (Section 3.3.8) (as well as this there was a dye
dispersion programme which the Author was not involved in).

The other main programme was that of stage-discharge 
measurement, already mentioned in Sections 3.3.2 with the 
programme summarised in Table(3. 13).

Fig(3.3) shows a sketch of all eleven case studies of
stage-discharge tests. In the case of fully roughened floodplain, 
the floodplain was fully covered with rod frames. In the case of 
partially roughened floodplain, only the meander belt was filled 
with rod frames. Fig (3.4) shows a plan view of a typical rod
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frame used in the tests. Fig(3.6) presents a plan view of the 
location of brick blocks on the floodplain of the sinuosity 
1.374. The plan view of sinuosity 2.04 with brick blocs and with 
the floodplain walled are presented in Fig(3.7) and Fig(3.8), 
respectively. During the tests with floodplain fully or partly 
roughened, the rods pierced the water surface. On the other hand, 
in the tests made with brick blocks or with a walled floodplain, 
the flow never overtopped these obstacles. In the width reduced 
case, the floodplain was fully roughened and the floodplain walls 
were placed at the limits of the meander belt.

The tests performed with brick blocks in the floodplain of
the meander simulate the effect of bridge piers on river flood
conveyance, while the walled floodplain reproduces the reduction 
in conveyance introduced by roads that cross river valleys.

The program of stage-discharge tests was carried out for 
inbank case and overbank case. For inbank case the flow was 
confined to the main channel and the only test restriction was 
the bankfull depth. For overbank case the test program was
limited by the delivery capacity of all six pumps which could 
reach 1.1 m3/s.

3 . 7 THE GLASGOW FLUME

3.7.1. Introduction

The whole rationale for the Glasgow Flume was to provide a 
complementary study to that going on at the main S.E.R.C. flume 
at H.R. Ltd Wallingford. The Glasgow flume was intended to 
investigate the behaviour of one river channel bend during
overbank flow, where the geometry of the river bend could be 
changed more easily than the S.E.R.C. flume, and where the ratio 
of the floodplain flow to main channel flow could be set at any 
ratio, which is not the case in the S.E.R.C. flume where this 
ratio is essentially fixed. The Glasgow flume study was also 
meant to be complementary to smaller scale studies of the
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cross-over region (Bristol) and general flow development studies 
at Aberdeen.

The intention for the Glasgow flume was to have it designed, 
constructed, and up-and-running during the first ten months of 
the research programme between December 1988 and September 1989, 
at which time access to the S.E.R.C. flume would be available. 
The intention after September 1989 was for the Author to spend 
some time at the S.E.R.C. flume study at Wallingford and the 
remaining time running the Glasgow flume, so that both studies 
continued in parallel.

■ \ - \ o \\c. difficult to run both studies in
parallel because of the time-consuming nature of the Wallingford

work, both in terms of checking data 
but also plotting and analysis of results. Thus few results than 
expected were obtained from the Glasgow Flume.

The Glasgow rig, shown in Fig(3.37) and Fig(3.38), is 
composed of two flumes in one, the main channel flume and the 
floodplain flume, connected together at the bend and cross-over 
region. The main channel flume and the floodplain flume simulate 
the main channel flow and the floodplain flow of a river meander
with a sinuosity around 1.28. However this rig has a
particularity that distinguishes it from S.E.R.C. flume. The
discharge control in both flumes is done independently, therefore 
allowing the ratio of main channel discharge/floodplain discharge 
to vary between 0 and oo. Several combinations of 
main-channel/floodplain discharges could be studied in this rig 
while in S.E.R.C. flume these conditions could not be varied.

Water was pumped from a common sump tank and the discharge 
was delivered to each flume by a different pump. The main channel
and the floodplain pumps could deliver 40 1/s and 60 1/s
respectively. After the discharge has been conveyed through the
piped circuit, it enters the inlet tank of each system. On
leaving each inlet tank the flow reaches the beginning of each
flume where a set of small tubes smoothed any flow disturbance. 
At the exit of each flume, the flow through a control structure(a 
vertical tail gate, in the case of the main channel flume), or
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over the hinge tail gate (as in the case of the floodplain 
flume), returning to the common sump, thus closing the loop. A 
view of the sump, the pump and the gate valve of the main channel 
system is shown in Fig(3.39). The main channel and the floodplain 
channel sumps were linked to form a common sump as sketched in 
Fig(3.40). This figure shows a view of the sump tank, the pump, 
the gate valve and the differential manometers of the "Main 
Channel" system.

In the Glasgow rig the test programme included measurements 
of water depths by pointer gauge, discharge by orifice meter 
linked with differential manometer, streamline angles by vane 
linked with potentiometers, local flow velocities by Pitot static 
tubes connected to pressure transducers and temperature by 
thermometer. Boundary shear stress was not measured, nor was the 
turbulent flow structure.

3.7.2. Design Concept

As explained in the introduction, the Glasgow flume was 
designed in such a way that the floodplain and the main channel 
flows could be simulated simultaneously and controlled 
independently. Thus the model is composed of two flumes, one 
simulating the main channel flow and the other one reproducing 
the floodplain flow of a meander compound channel. Both flumes 
are connected at bend and in the cross-over regions as sketched 
in Fig(3.40). This kind of model allows any combination of main 
channel/ floodplain discharges which can vary between zero to 
infinite.

The criteria followed in the design of the floodplain and 
main channel flume were:

- Both flumes should be accommodated in area 6.0m * 9.0 m 
Floodplain slope 1/1000

- Width of floodplain outside the meander belt to be wide
enough to allow shear layers to develop.
- Main channel sinuosity < 1.5
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- The cross over angle of the main channel to be different 
from S.E.R.C. flume. 45° was chosen.
- The upstream reaches of the floodplain flume and of the 
main channel flume should have sufficient length to allow 
the development of turbulent boundary layer.
- Meander Wavelength X^ = 10 Be
- Top channel width Be = 5 h -»10 h where h is the bankfull 

depth
- Bend radius Re = 2.5 Be
- Total width of the Floodplain( Wt) = 10 Be

Fig(3.40) shows a plan view of the Glasgow flume with the 
dimensions chosen in agreement with the above criteria. The
sinuosity of the main channel is

_ curved channel length _ 3995.06 _ - 977
r straight valley length 3128.47

Meander wavelength (A ): 6256.8 mm
in

Main channel width ( Be): 450.0 mm
Bankfull depth( h ): 67.00 mm
Bend radius of curvature( Rc ): 1000.0 mm
Half of the meander amplitude ( a/2): 1150.0 mm
Half of the total channel width( Wt/2) :1650.0 mm

The Glasgow flume plan geometry was checked against the key 
indicators recommended by several researchers:

Key indicators Glasgow Flume Values
Rc/Bc = 2.4 ( Chang (1987)) Rc/Bc = 2.2
A / B c  = 10.0 (Zeller (1967)) X / B c  = 14.0
rvt v*

X / R c  = 4. 6 ( Leopold (I960)) X / R c  = 6.3
a/A = 0.5 (Jansen(1979)) a/A = 0.4m m
W t / B c  = 10 -» 20(Ervine( 1987)) Wt/Bc = 7.3
B c / h  = 5 -* 20(Ervine( 1987)) B c / h  =6.7

Taking into account the limitation in available area, the 
dimensions chosen for the plan geometry of the meander, when 
compared with key indicators, can be considered as acceptable.

The upstream reach of both flumes were designed taking into
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account the development of the turbulent layer. The equation 
applied was

0. 37 ^0.8 (3.32)

where 8 ̂ Is the depth of the boundary layer; V is the average 
velocity, v is water viscosity and X is the length of the 
turbulent layer. For the main channel for maximum flow depth 
around 120 mm the length of turbulent layer was calculated to be 
approximately X = 6.3m.
For the floodplain flume the length of turbulent layer was 
calculated for flow depths of 50 mm is approximately:

Considering the area available for both flumes, the 
dimensions chosen for upstream and the downstream lengths were: 

Floodplain Flume: Main Channel Flume:
Upstream Reach : 2000.0 mm 4000.0 mm
Downstream Reach : 1900.0 mm 2000.0 mm

As it can be seen, the upstream length of the main channel flume
was 2.0 m shorted than that required for fully developed 
turbulent flow at maximum depth.

Once the plan geometry of the flume was defined, the next 
step was to choose suitable pumps for the main channel and 
floodplain flumes. In the exercise it was necessary to calculate 
the maximum discharge to be delivered in each flume as well as 
the total head loss.

The maximum discharge in the floodplain system was 
calculated by Manning's equation, with floodplain depth as 60.0 
mm and channel width as 1.65 m and longitudinal bed slope 0.001.

Q = 100 (0. 099)5/3/(l. 77)2/3V"T0‘3 
Q = 46 *10"3 m3/s 
V = 46*10"3/ 0.099 = 0.46 m/s

The head losses that occur in the floodplain flume and 
recirculating pump system are due to flow measurement orifice

Q = (1/n) (A)s/3/ (P)2/3 VSo (3.33b)
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plate, losses through gate valve, friction in supply pipe, entry 
to inlet tank, entry loss to flume, friction along flume, 
exit from flume and entry to pipe system again.

Based on estimates of all these values the pump chosen was a 
Myson MS, model 150-4210, with bronze impeller which can deliver 
a discharge of 60 1/s at the head of 6.0 m.

The estimate of the maximum discharge that occur in the main 
channel flume was performed by a procedure similar to the one 
used for the floodplain system. This time the flow depth was 150 
mm, bed slope 1/1270 and channel width 450 mm giving,
Q = 100 ( 0.0575 )5/3/ (0. 75)2/3 V{ 1/1270) £ 38.0*10"3 m3/s
V = 38. OxlO-3 / 0.0575 = 0.56 m/s

The head losses were calculated by a procedure similar to 
the one followed for the floodplain system allowing for flow 
measurement orifice plate, valve loss, pipe bends, pipe friction, 
entry to inlet tank, flume losses etc.and the result was

£ h = 2.0m

Based on the results of the maximum discharge and head loss
the pump chosen for the main channel system was a Myson MS, model
125-4210 with bronze impeller which can deliver a discharge of 40 
1/s at the head of 6.0 m.

Once the pumps were chosen the next step of the design
procedure was to size the outlet and inlet tanks of both systems. 
The sketch shown in Fig(3.41) illustrates the method followed in 
sizing the tanks for both systems. For the floodplain system the 
volumes needed were:

( Maximum storage available in outlet tank: 0.7 * 1.82 *
1. 82 = 2. 3 m3)
Water depth in the flume: 0.05 m
Volume in the flume: 1.65 * 7.2 * 0.05 = 0. 6 m3
Volume in the inlet tank:

1.82 * 1.22 * ( 1.4 - 1.15 ) = 0.8m3
The total volume needed is: 0.6 + 0.8 = 1.4 m3
The storage volume of the inlet tank is 2.3 m3, which is 

greater than the required volume of 1.4 m3. However, the inlet
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tank needed to be placed at a level approximately 0.3 m higher 
than the level of the outlet tank.

The final dimensions of the tanks were:
Outlet tank: 1.82m * 1.82m * 1.22m
Inlet tank: 1.82m * 1.22m * 1.22m

For the main channel system the volumes needed were:
Maximum storage available in outlet tank: 0.7 * 1.22 * 1.82

i e 3= 1. 5 m
Water depth in the flume: 0.117 m
Volume in the flume: 0.45 * 10.0 * 0.117 = 0.53 m3

Volume in the inlet tank:
1.22 * 1.22 * ( 1.4 - 1.15 ) = 0.4m3

The total volume needed is: 0.52 + 0.4 = 0.92 m3
The storage volume of the inlet tank is 1.5 m3, which is

greater than the required volume of 0. 92 m3, having an extra
capacity of 0.6 m3. However, the inlet tank again needed to be
placed at a level approximately 0.3 m higher than the level of
the outlet tank.

The final dimensions of the tanks were:
Outlet tank: 1.82 m * 1.22 m * 1.22 m
Inlet tank: 1.22 m * 1.22 m * 1.22 m

3.7.3. Construction.

The main channel flume (450 mm wide) and the base of the 
floodplain flume (1650 mm wide) were built with 18.00 mm thick 
plywood. The floodplain was moulded in polystyrene sheet, 62 mm 
thick, covered by a 5.00 mm plywood sheet, giving a total 
bankfull depth of 67 mm. The side walls of the floodplain flume
were made in aluminium plate because it is a non-corrosive
properties as well as its stiffness which allowed the walls to 
act as rails for the instrument carriage. The side walls of main 
channel flume, built in plywood, had the function of also acting 
as the rails for the smaller instrument carriages. Both flume
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were painted with oil based paint.
Both the floodplain and main channel flumes were supported 

by substantial frames built with 30.0 * 30.0 * 3.2 mm thick
square section steel. The legs of the supporting system had a 
special levelling device which allowed up or down movement, 
thereby placing the channel bed at the required level.

The access platform, shown in Fig(3.38) straddled the
floodplain flume and was able to roll along a second supporting 
frame independently of the first. This platform was used to give 
access over the full flume width.

The recirculating pvc pipe system for both floodplain and 
main channel flumes were composed on the following elements:

Main Channel System: Floodplain System:
Diameter of pipe 5" 6 "
Type of pipe PVC PVC
Flanges 11 4
Gaskets 11 4
Backing rings 11 2
Butterfly valve 1 1
Gate valve 1 1
45° bends 2 0
PVC pipe length 10 m 8.0 m
Pump 1 MSK 125-4210 1 MSK 150-4210

Some electrical equipment was ordered jointly with pumps which 
included one star delta starter for each pump and the
corresponding electrical panel.

Fig(3.39) shows the pump and the gate valve of main channel 
system and the electrical panels of both systems.

The orifice flow meters installed in each piped circuit were
made of perspex. Fig(3.42) shows the location of the orifice
meter used for measurements of the discharge delivered to the 
floodplain flume.

The storage tanks for both flumes had the following 
dimensions:
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No. Size Identification
in metres

1 1.82 * 1.82 * 1.22 Sump of the floodplain system
1 1.82 * 1.22 * 1.22 Inlet of the floodplain system
1 1.82 * 1.22 * 1.22 Sump of main channel system
1 1.22 * 1.22 * 1.22 Inlet of main channel system

The tanks are of galvanised steel and painted with anti-corrosive 
paint. The sump tanks of both flumes were inter-connected giving 
a common sump.

Following construction of both systems, the bottom level of 
both flumes were levelled by an automatic level. The floodplain 
flume was levelled with the slope 1 / 1 0 0 0  and the main channel 
flume with the slope 0.78/1000.

In order to perform detailed measurements in the Glasgow 
flume, three instrument carriages were made. The main instrument 
carriage was for the floodplain flume (1650 mm wide) as well as 
two identical carriages for the inlet and outlet channel of main 
channel flume, respectively. The instrument carriage used in the 
floodplain flume, shown in detail in Fig(3.43) was equipped with 
a pointer gauge, a bank of three vanes with angular 
potentiometers as well as one Pitot static tube and the 
respective pressure transducer. This instrument carriage, 
performs measurements not only on the floodplain area but also in 
the cross-over and bend region of the main channel. The other two 
instrument carriages were designed for measurement of water 
depths in the inlet and outlet of the main channel flume were 
equipped with a pointer gauge only. The right hand side of 
Fig(3.37) shows the small instrument carriage used in the inlet 
of the main channel flume.

The construction and the set up of Glasgow flume was done by 
Mr. A. Gray, technician of the Civil Engineering Department.
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3 . 8 INSTRUMENTATION FOR THE GLASGOW FLUME

3.8.1. Introduction

Considerable time and effort was spent on the development, 
calibration and automatisation of the instrumentation in the 
Glasgow flume. It was considered that well calibrated accurate 
instruments would provide data quality on a par with the S.E.R.C. 
flume. It was also considered important that data acquisition, 
processing and storage be as efficient as the S.E.R.C. flume, and 
hence considerable effort was expended on automatic transfer of 
signals from the instruments IG A/D converters and on to micro 
processors with sophisticated software for analysis and graphical 
routines.

The Glasgow flume was equipped with following measurement 
instruments:

- Orifice meter and Differential manometers.
- Thermometer.
- Pointer gauge.
- Vanes with potentiometers.
- Pitot tubes and Pressure transducers.

3.8.2. Discharge Measurement

The discharge delivered by the main channel system and by 
the floodplain system were measured by two different orifice 
meters connected to differential manometers. In each case the 
orifice meter was located in a straight reach of pipe between the 
outlet tank and the inlet tank. The design and the location of 
each orifice meter was done in agreement with B.S. 1042, From the 
calibration curves proposed by B.S. 1042 discharges were 
calculated as a function of pressure differential. The procedure 
followed was:
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For Main Channel System 
Input Conditions:

Orifice Characteristics:
Pipe Diameter 
D = 0.127 m 
Orifice Diameter 
d = 0.088 m 
Viscosity
v = 1. 14 * 10~6 m 2 /s‘

Method of Calculation following B.S. 1042
a) Diameter Ratio

13 = d/D = 0. 693 (3. 38a)

b) Velocity of Approach Factor:

E = ( 1 - |34)"1/2= 1. 147
c) Expansion Factor

c = 1 . 0 for incompressible liquids
d) Flow Coefficient

a = ( E c ir d2 / 4 ) 1 ( 2 g )
e) Reynolds Number

IR = 4 Q / ( t t D ^ )
e) Discharge Coefficient

= 0.599 + 0.0312 (32' 1 - 0.184 |38 
+ 0. 0029 /32' 5[ 106/ [R ]0’ 75
+ 0.039 Li I34( 1 - /34 ) -1 + 0.0337 Lz f33 (3.42)

/ /where in this case Li = 1 and L 2 = 0.47, because the 
tapping points were located on D and D/2.
f) Discharge Q(in m /s) that passes through the orifice 
meter, was expressed o.n function of pressure difference 
Ah(in metres of water) which is read on the 
differential manometer.

Q = oc C^A h1/2 (3. 42)
Fig(3.44) shows the cross section of the orifice meter used in

(3.39a)

(3.41) 

(3.37a)
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the main channel system.
For Floodplain System 

Input Conditions:
Orifice Characteristics:
Pipe Diameter 
D = 0.1524 m 
Orifice Diameter 
d = 0 . 1 1  m 
Viscosity
v = 1. 14 * 10"6 m2/s 

Method of Calculation following B.S. 1042
a) Diameter Ratio

/3 = d/D = 0. 722 (3. 37b)
b) Velocity of Approach Factor:

E = ( 1 - /34)"1/2= 1.17 (3.38b)
All other steps are exactly the same as the ones followed for the 
main channel system.

The best fit line procedure was applied to these results and 
the correlation curves relating discharge with pressure 
difference were developed for both cases.

For the main channel system, the theoretical calibration 
curve derived from B.S. 1042 was,

Log Q = ao + ai Log ( A h )  (3.44)
w h e r e
ao = -1. 726 
ai = 0. 494
Correlation Coefficient: 0.999

For the floodplain system the theoretical calibration curve 
derived from B.S. 1042 was,

Log Q = a2 + a3 Log ( A h )  (3.45)
w h e r e

a2 = -1. 521 
a- = 0.493
Q is discharge in m3/s
A h is the pressure difference in metres of water
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Correlation Coefficient: 0.999
Each orifice meter was provided with two differential

manometers: one filled with water for low flow measurements, 
covering lm of pressure differential; other filled with mercury 
for high discharges measurements, covering also lm of mercury
pressure differential. Each differential manometer was provided 
with a system of valves and by-pass which allowed the system to 
be purged of air bubbles. Fig(3.39) shows the differential 
manometer used for measurements of the discharged delivered by 
the main channel system.

Due to insufficient space of the hydraulic laboratory, the 
length of straight reach upstream and downstream of the orifice
meter did not comply with all requirements of the B.S. 1042. Thus
a calibration procedure was carried out to compare the results 
given by the method proposed by B.S. 1042 against the discharge 
obtained by depth integration method where velocities were 
measured using a mini-propeller and water depths through a 
pointer gauge. The measurements taken with the mini-propeller and 
pointer gauge were performed in downstream region of the 
floodplain. Table(3.14) shows the comparison of discharges 
obtained by both procedures. The discharges obtained by the 
orifice meter and by the velocity integration method present a 
good level of agreement, being the difference between both 
results around 5%. The calibration results are plotted in 
Fig(3.44a), for the main channel flume and in Fig(3.44b), for the 
floodplain flume, revealing experimental data close enough to 
accept the B.S. 1042 correlation. The maximum difference was ± 
5%.

Thermometer
Water temperature in Glasgow model was taken by centigrade 

thermometer thus providing accurate estimates of fluid viscosity 
for each test'-run.
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3.8.3 Pointer Gauges

Water levels were measured by pointer gauges with accuracy ± 
0.5 millimetres. For measurements of water levels in the inlet 
and in the outlet of main channel and on the floodplain region 
there is a pointer gauge mounted on each instrument carriage. 
Fig(3.43) shows a detail of the instrument carriage with the 
pointer gauge for measurements of flow depths in the floodplain, 
cross-over and bend region of the main channel.

It was important to obtain detailed local water levels in 
the cross-over and bend apex regions in view of local 
acceleration and deceleration of the flow as well as centrifugal 
effects at the bend. It was originally envisaged that Churchill 
probes would be used for water level recording in this area, 
although initial test runs showed that pointer gauge data was 
just about as accurate and less time consuming.

3.8.4. Streamline angle measurement

The stream angles were measured by a bank of three rotating 
vanes, each one connected to a potentiometer through a small 
shaft. The shafts of the vanes were aligned and distanced 50.0 mm 
apart. The bank of vanes, shown in Fig(3.45), was mounted on a 
rigid plate. Through a specially designed bearing system the bank 
could rotate 180°, the rotation angle measured by a protractor. 
The reading of the angle was taken by a pointer that was linked 
to the bank of vanes. The bank of vanes were able to move up and 
down vertically over the flow depth, to move across the flume 
width transversely, and to move longitudinally along the flume 
length, thus providing full three dimensional movement.

Access to the instrument carriage is gained by a straddling 
platform, shown in Fig(3.37) and in Fig(3.38), specially built up 
for this purpose.

The potentiometers used in Glasgow flume were the Penny and 
Giles type, exactly of the same kind as those used in S.E.R.C. 
flume. Although each potentiometer has its calibration curve
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given by the supplier, each was submitted to a rigorous 
calibration procedure. Table(3.15) shows the calibrations 
constants obtained by the Author compared with those given by the 
supplier.

The calibration constants calculated by the Author were the 
ones used in the sampling procedure of the stream angles of the 
flow.

All three potentiometers were stabilised by a constant input 
10 d.c. volts. The output current in d.c. voltage is governed by 
the angular position of the vane and shaft in relation to the
transducer body. These potentiometers have a rotational range of
300 degrees and care was taken never to be operating in the
out-of range 60°.

The d.c. voltage generated by each potentiometer was 
collected by an A/D interface card MC-MIO-16/L/9 containing 8 
differential input channels, 4 analog output channels, and 2 
ports for digital input/output. Four different input channels (± 
1 0 volts range) were used, three for the output signal of the
three potentiometers and one for the output signal of the
pressure transducer, from the pitot tube which will be described 
in next point.

Data acquisition and data analysis was carried out by
software named Labtech Notebook, Version 6 , connected to a 

graphical interface, named Iconview, run on an IBM PC, version 
PS/2, shown in Fig(3.46).

After setting up the interface card and connecting all three 
output channels from the potentiometers, significant noise was 
noticed coming to the computer. After some trials, the found to 
eliminate this noise used two resistors 1 0 0  kfi connected between 
input signals and earth. A check on the accuracy of the data was
carried out by comparing the signal received by the A/D card and
the software with the readings taken direct from a digital
voltameter. The results produced by both systems were exactly the
same.

The graphical interface, Iconview, allows displays of the
data and controls the setups by moving and connecting icons.
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Fig(3.47) shows the display screen of the computer with icons 
connections for streamline angle measurement in Glasgow flume. 
For the sampling procedure of the stream angles, nine channels 
were used, three per each vane. The first three channels receive 
the analog input signal and convert into degrees. In the 
conversion process, the main aspects of control set-up were 
defined in the following way:
Interface Device:[ 0 : MC-MI016H/A ]
Channel Type: Analog Input 
Channel Units: Volts
Scale Factor : Calibration Constant of Each Potentiometer( ex.
28.57 for pot. No. 1)
Offset Constant: Volts reading that corresponds to Zero Angle(
usually around 5.0 volts)
Sampling Rate :10 Hertz 
Stage Duration: 60 seconds
The second set of three channels calculates the average angle 
measured by each vane. The last set of three channels determines 
the standard deviation of the angle measured by each vane. For 
each test run, the results of the three average angles and the 
three standard deviation angles appeared in computer screen in 
six windows, as shown in Fig(3.48).

3.8.5. Pitot Tube and Velocity Measurement

Flow velocity in Glasgow flume was measured by using a 4.0 
mm diameter Pitot tube connected to an ultra low head pressure 
transducer. Preference was given to a Pitot static tube system 
for velocity measurements instead of a mini-propeller. The 
reasons for this is that a mini-propeller needs flow depths of at 
least 10-12 mm to operate satisfactorily. In some cases this may 
be purely achieved on the floodplain. Also the external diameter 
of the Pitot static tube is only 4 mm, implying that area 
averaging of the local velocity is over a much smaller area than 
the miniature propeller meter.

The Pitot static tube, shown in Fig(3.49), is a L shaped
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tube that measures the kinetic energy of the flow. It is an
measurement instrument composed by two tubes. The inner tube 
records the kinetic energy plus the pressure energy( U /( 2 g) + 
p/y). The outer tube, running parallel to the inner tube, has
several small holes around the Pitot tube and registers the 
pressure energy( p/y). The difference between the two energies 
gives the value of kinetic energy of the flow. If this difference 
is read in appropriate device such as a differential pressure 
transducer, the flow velocity of the particular point, where the 
Pitot static tube is located, can be determined.

The pressure transducer, shown in Fig(3.49), used in the
test program was a Validyne type DP45, with a diaphragm dash 
number 18. This pressure transducer is designed to measure very 
low differential pressures. The diaphragm chosen, measures 
differential pressures up to 56.00 mm of water. The pressure
difference activates the diaphragm through two female pressure 
ports connections which can be tapered by American Standard Pipe 
Thread. The transducer bleeding is carried out by a bleed port 
which facilitates cleaning or filling the pressure cavities.

In order to calibrate the pressure transducer a special 
device, shown in Fig(3.50), was built in the workshop of the 
Civil Engineering Department. This calibration device is composed 
basically of two graduated tubes with four valves. Two shutoff 
valves allowed the connection of the pressure transducer tubes to 
the calibration device. The third is a by-pass valve, which when 
open levels the water contained in both tubes. The fourth and 
last valve is a drain valve which is connected to one of the 
graduated tubes and enabling a variation in the water level in 
this tube, creating a pressure difference between the two tubes. 
A sketch of the calibration device with the identification of the 
valves is shown in Fig(3.51). The steps in the calibration 
procedure were as follows:
a) By opening the by-pass valve, the water in tubes of the 
calibration device were levelled.
b) The readings of the water levels in both tubes were taken as 
the zero reading.
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c) The computer program was run and the result of average voltage 
was obtained; this is the zero voltage.
d) The by-pass valve was closed.
e) The drain valve was opened in order to give a certain 
variation of water level in the corresponding tube and a reading 
was taken.
f) The computer programme was run again and a new average voltage 
was obtained.
g) The drain valve was open again to give another increment( 
usually around 2 . 0  mm of water) in water level in tube and the 
process e) and f) was repeated until the range of 54 mm of water 
level variation was complete.
h) The variation of water levels in the tubes in relation to the 
zero reading were correlated with voltage variation in relation 
to the zero voltage.
A sketch of the apparatus used in the calibration procedure of 
the pressure transducer is shown in graphical form in Fig(3.51). 
The calibration curve of the pressure transducer model DP 45-18 
is presented in Fig(3.52). The calibration constant obtained was 
1 mm of water for 8 . 0 2  milli-volts variation

The software and hardware used for data acquisition and data 
analysis process were the same as previously described for the 
vane system. In this case four channels were used for data 
acquisition and data analysis of the analog input signal 
generated inside the pressure transducer box.

The Pitot static tube and pressure transducer, were mounted 
on the same horizontal plate where the three potentiometers with 
vanes were fixed in the instrument carriage. Fig(3.49) shows the 
Pitot tube and the pressure transducer mounted on the instrument 
carriage.

Some results produced by the Pitot tube were cross-checked 
with values given by mini-propellers. In general a good agreement 
between both results was found.
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3.8.6. Program of Testing.

The test program in Glasgow flume involved the study of two 
cases. In the first case the floodplain system was closed and the 
main channel system was delivering a flow of 0.0175 m /s. 
Measurements of stream angles, velocities and water surface
levels were carried out in five sections around the bend. The
flow velocity measurement performed with the Pitot tube were 
carried out in the streamwise direction, as in this particular 
test condition, the stream angles were always less than 1 0 °and 
the " Cosine Law" is applicable. In the grid of measurements, the 
verticals were distanced 50.0 mm apart and in the vertical 
direction the measurements were taken in increments of 1 0 . 0  mm. 
Fig(3.53) shows the location of the sections and the vertical 
slices where the measurements were conducted.

In the second case the main channel system was closed and
the floodplain system was on. In this condition the 
stage-discharge curve of the system was obtained. Appendix I 
contains the values of the stage-discharge curve of the 
floodplain system. The uniform depth was varied between 11.0 mm
to 62.0 mm while the discharge was varied between 0.0024 to
0.0371 m /s. It was not possible to test for higher discharges 
than 0. 0371 m /s because the water surface was already very wavy.

3.8.7. Methodology of Testing.

As explained in point 3.3.7, in the test program of the
Glasgow flume two cases were analysed and the methodology adopted
for testing in both cases, was also different.

In the first case the uniform conditions were achieved in 
the inlet of the main channel by varying the vertical tail gate, 
located in the downstream end of the outlet of the main channel. 
The steps followed in choosing the correct uniform depth were the 
followings:
Bankfull Depth of Main Channel( h ) : 67.0 mm
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Total Flow Depth ( H ) : 88.0 mm
Dr = 8 8 8 7 = 0.24

88
Area : 0.088 * 0.45 = 0.0395 m2 
Perimeter : 0.45 + 2 * 0.088 = 0.626 m 
Hydraulic Radius: 0.063 m 
Slope: 0.78 * 10‘3 
Manning's n : 0.01
Discharge following Manning's equation:

Q = 100 * ( 0.0631 )2/3 * ( 0.78 * 10-3 ) 1/2 * 0.0395 = 0.0175 m3 
Average depths in the inlet channel:

8 8 .3 mm
Average depths in the outlet channel:

80.0 mm
Thus there is a difference in depth between the inlet and outlet 
channel. This can be explained by the disturbance that the 
floodplain area introduces in the flow.

In the second case the main channel system was shutt and the 
floodplain system was on. The uniform flow was established in the 
inlet and outlet channel of the floodplain system by varying the 
hinge gate, located at the downstream end of the flume. The flow 
depths were measured in three vertical of a section located in 
the middle point of each straight reach and then averaged.

It is considered important to clarify what is meant by 
shutting the main channel system. When the main channel system 
was off the following steps were taken before the floodplain 
system was putting on:
- the pump of the main channel system was off.
- the valve downstream of the main channel pump was closed.
- the vertical gate, located in the downstream end of the outlet 

channel was putted down, preventing any water leakage.
When the floodplain system was off and the main system was on 
similar steps were taken.
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3.8.8 Scale Effects in The Glasgow Flume.

In small scale flumes such as the Glasgow flume, the 
Reynolds Number is much smaller than the prototype case and the 
flow although turbulent, is not rough turbulent. This means that 
viscous scale effects may have some influence particularly in the 
floodplain region were the flow depths were much smaller than in 
the main channel region, producing smaller Reynolds numbers. The 
only way to investigate the magnitude of scale effects is by 
comparing results of discharge velocity and shear stresses 
produced by smaller scale models against ones obtained in 
prototypes. Although, the study carried out at the Glasgow flume 
could not be compared with any prototype, it was. considered 
important to consider at least qualitatively the likely scale 
effects in this model.

Gravity is the predominant factor influencing fluid motion 
wherever a free surface gradient is present. Model studies of 
river meanders are included in this category. In order to achieve 
similarity, the Froude number( F= V/(gH)1/2of the model and 
prototype must be identical. However the viscous forces cannot be 
neglected in view of their role in the boundary friction and as 
the origin of fluid turbulence.

Viscous effects in fluid dynamics are represented by the 
Reynolds number ( IR = 4 V R / v ) . The effect of the Reynolds
number on the flow resistance for instance can be visualised 
through the Moody diagram, where the flow resistance is expressed 
through the relationship between the Darcy-Weisbach friction
factor and the Reynolds number. Weber(1974) produced a similar 
diagram for open channel flow. He considers IR=2000 as an
arbitrary upper limit for the transition from laminar flow to 

turbulent flow in open channels. This criterion was easily 
achieved on the floodplain of the Glasgow flume.

Despite reaching the turbulent flow criterion, there are 
still likely to be scale effects considering both the smoothness 
of the boundaries in the Glasgow flume( main channel and
floodplain) and also considering the model Reynolds number(
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104 -105) compared to typical prototype Reynolds numbers( 106-
107) .

The Moody diagram reveals the turbulent zone with its 
characteristics smooth and rough low features. The dividing line 
between these features is given approximately by U*k/i>>50 showing 
that prototypes with substantial k values are much more likely to 
have floodplain flow in the rough turbulent zone, and models with 
smooth boundaries are certainly in smooth turbulent zone. When 
this is combined with the ratio of the protype to model Reynolds 
number being of the order of 1 0 0 - 2 0 0  typically, then scale 
effects are inevitable and hence the rationale for the S.E.R.C. 
Flume study, where the Reynolds number ratio is more likely to be 
around 20-30 rather than 100-200.

T a b l e .16a)( Main channel) and Table(3 .16b)( Floodplain ) 
contain the values of the Darcy Weisbach friction factor( f=
8 gRS/V2), the Reynolds number (IR=4VR/y) and the Froude

1/2number(F=V/(gH) ) for flow depths varying between 10mm-60mm in
the main channel and in the smooth floodplain regions of the 
Glasgow flume.

Both tables show that:
(i) The range of Reynolds numbers for inbank flow, and also 
floodplain flow is generally 1 0 4- 1 0 5.
(ii) Flow is smooth turbulent in both main channel and floodplain 
regions, as the Reynolds number is always greater than 2000.0 and 
the boundaries are very smooth( plywood).
(iii) The Darcy-Weisbach friction factor reduces with increasing

Reynolds number.
(iv) The Author's results fit quite well the f-lR relationship of 
the smooth law curve of the Moody diagram. This is shown
in Fig(3.54).
From the above findings it can be concluded that some scale 
effects will occur in the Glasgow flume, particularly in the 
floodplain region. The most likely effect is viscous damping on 
the floodplain, increasing the friction factor, reducing 
turbulence levels and momentum transfer in the model. However it 
should be remembered that the main features, such as secondary
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cells, which dominate this type of bend overbank flow will remain 
largely unaffected. That is, viscous damping will have little 
effect on large flow structures, but a lot of effect on finer 
scale turbulence such as the lateral shear turbulence found in 
straight/parallel compound flows.

The Manning's equation was derived for the fully rough
turbulent flow condition. In the Glasgow flume, the flow is 
smooth turbulent, therefore the Manning's equation should not be 
applied. Instead it is recommended that the Darcy-Weisbach 
equation be used, which has a much greater range of application, 
covering the smooth and the fully turbulent flow conditions.

In actual rivers where the boundaries of main channel and 
floodplain are very rough, the flow regime will be rough 
turbulent and the Manning's equation in this case can be applied.

3.9. SUMMARY

This chapter presents a detailed description of S.E.R.C. and 
Glasgow flumes, the instrumentation used in both flumes for
collecting and analysing data, including the calibration
procedure followed and the cross-checks and the experimental
program with the explanation of the methodology followed in the 
tests.

Data obtained in both flumes, as demonstrated by the results 
of the cross-checks, was very accurate and reliable. In 
particular the S.E.R.C. data, because it was obtained in such a 
large model, will allow to analyse the internal structure of a 
meander compound flow in a very detailed way, never reached until 
now, and consequently to calibrate mathematical models. The
Glasgow flume data will complement the information of S.E.R.C. 
flume.
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Table(3.1)
Design of Plan Geometry of 2nd Meandering Channel of

the S.E .R.C. Flume Series B.
Version Cross-Over Central Top Rc/Bc Be,
Number Length Radius Width

m m m
1 0. 5 2. 743 1.2 2.29 8.
2 0. 0 2. 743 1.2 2.29 8.
3 0. 0 1. 98 0.8 2.5 8.
4 0. 423 1. 83 0.8 2.3 8.

Design of Plan Geometry of 2nd Meandering Channel
of The S. E.R.C. Flume Series B.

Wave Width of Sinuosity Bankfull Number
Length Meander Depth of

Belt Wave
Lengths

m m mm
9. 97 9. 03 2. 21 150 4. 5
10. 31 8. 56 2. 04 150 4. 5
7. 44 6. 106 2. 04 100 6. 5
6. 586 6. 107 2. 26 100 7.0
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Table(3.2) - 17 References Used in the Design of Apex Section
of the Natural Meandering Channel of The S.E.R.C. 
Flume Series B.

No River Name Source Year Page

1 Domme1 A.S.C.E. J. HYD. DIV. 1983 996

2 Domme1 A.S.C.E. J. HYD. DIV. 1983 996

3 Sacramento A.S.C.E J. HYD. DIV. 1981 1686
4 Sacramento A.S.C.E. J. HYD. DIV. 1981 1686
5 Fall River Meand. Conference 1983 679
6 Fal 1 River Meand. Conference 1983 681
7 Chi s1ehampton A.S.C.E J. HYD. DIV. 1986 660
8 Tanana River Meand. Conference 1983 209

9 Grande del Rancho River Meand. Conference 1983 646
10 East Fork River Meand. Conference 1983 837
11 Magdalena Princ. of River Engin. 142
12 Wal 1 Princ. of River Engin. 144
13 Wal 1 Princ. of River Engin. 144
14 Mississipi River Meand. Conference 1983 633
15 Mudy Creek River Meand. Conference 1983 633
16 Snov River Mechanics (Vol.2) 20-30
17 Severn River Meand. Conference 37
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Table(3.3) - Geometric Data from 17 River Bends.

W

i Pi

No. River al/w a2/w a3/w a4/w a5/w a6/w bl/H b2/H b3/H W/H

1 Dommel 0.03 0.25 0.52 0.05 0.08 0.05 0.17 0.93 0.83 5
2 Domme1 0.04 0.25 0.41 0.12 0.08 0.10 0.37 0.74 0.70 6.7
3 Sacramento 0.08 0.16 0.63 0.06 0.05 0.02 0.40 0.93 0.67 41.3
4 Sacramento 0.00 0.22 0.51 0.07 0.17 0.0 0.20 0.89 0.5 16.7
5 Fall 0.11 0.43 0.29 0.10 0.05 0.02 0.25 0.93 0.92 7.7
6 Fall 0.13 0.27 0.22 0.08 0.12 0.17 0.11 0.70 0.61 6.3
7 Chislehampton 0.18 0.12 0.35 0.08 0.08 0.20 0.47 0.99 1.0 2.6
8 Tanana 0.21 0.19 0.35 0.12 0.06 0.08 0.28 0.68 0.80 20
9 Grande del Rancho 0.34 0.15 0.14 0.24 0.07 0.06 0.54 0.85 0.72 12.5
10 East Fork 0.08 0.10 0.37 0.21 0.19 0.04 0.40 0.95 0.80 14.3
11 Magdalena 0.08 0.53 0.17 0.10 0.0 0.12 0.20 0.83 1.0 33.3
12 Wall 0.23 0.22 0.38 0.08 0.06 0.03 0.52 0.86 0.72 50
13 Wall 0.16 0.34 0.30 0.10 0.07 0.03 0.29 0.78 0.63 33.3
14 Mississippi 0.17 0.28 0.31 0.14 0.035 0.05 0.23 0.54 0.76 33.3
15 Mudycreek 0.20 0.17 0.29 0.14 0.07 0.10 0.33 0.73 0.80 7.7
16 Snov 0.03 0.34 0.38 0.15 0.0 0.08 0.17 0.72 1.0
17 Severn 0.21 0.16 0.36 0.22 0.04 0.01 0.27 0.73 0.95 16.7

AVERAGE VALUES 0.13 0.25 0.35 0.12 0.07 0.07 0.30 0.92 0.79 19.2
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Table(3.4) - Design of the Natural Inserts of the Meander
Channel with Sinuosity 1.3.74.

o

o
h2

F
< -X -----------------------------------K--------------------------------------------- X ------------X ------------>

45.0 375.0 480,0 150.0 150.0
ABCD •= AREA AI
CEFG *  AREA A2 

AREA AI = (375-hl) *  hi + h l*h l/2  + <hl/1;ana2,339> *h l/2
AREA A2 =<15Q*h2> + h2*h2/2 + < h2/*tan<12.339> *  h2/2

TABLE

VARIATION OF hi AND h2 WITH BEND ANGLE

ANGLE

degrees

hi

roro

AREA AI 

mm2

h2

nn

AREA A2 

nn2

0.0 0.0 0.0 0.0 0.0

12.0 8.8 3438.0 17.0 3355.0

20.0 14.7 5898.0 26.0 5783.0

24.0 17.6 7153.0 30.0 7007.0

36,0 26.4 11144.0 42.0 11214.0

40.0 29.3 12521.0 45.0 12391.0
.... „

48.0 35.2 15413.0 52.0 15333.0

60.0 44.0 19957.0 61.0 19517.0
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Table(3.5) - Geometric Parameters of the Natural Inserts for
Sinuosity 1.374.

tan 1 (105/480) = 12.339* 
bl = 45.0 + hi
io2 ■ 375.0 -h i + h l/tan(l2 .339)
b3 a 480-hl/tan(12.339> -h2/tan<12.339)
b4 « 150+ h2/tan(l2.339) + h2
b5 = 150- h2
b6 = b3 *  tan<12.339)

ANGLE b l bS b 3 b 4 k>5 b 6
degrees mm mm mm mm mm mm

0.0 45.0 375.0 480.0 150.0 150.0 105.0

12 53.8 406.4 362.0 245.0 133.0 79.2

20.0 59.7 427.5 293.9 294.9 124.0 64.3

24.0 62.6 438.0 262.4 317.0 120.0 57.4

36.0 71.4 469.2 167.31 384.0 108.0 36.6

40.0 74.3 479.6 140.2 400.7
i

105.0 j 30.6
. ____  _ I. ___ [

48.0 80.2 500.7 81.4 439.7 98.0
1

17.8 j

60.0 89.0 532.1 0.0 489.9 89.0 0.0 j



Table(3.6) - Design of the Natural Inserts of the
Channel with Sinuosity 2.04.
INSERTS FDR 110 DEGREES MEANDER

o

45, 375,0 480. 150. 150.
ABDC = AREA A1 
CEFG = AREA A2

AREA A1 = ( 375 -  h i ) *  h i + h i # h i /  2 + 
+ < hi /  tan ( 12.34 ) > *  h i /  2

AREA A2 = (150 -  h2 > + < h2 # h2 > /2  + 
+ < h2 /  -tan ( 12.34 > *  h2 /  2

ANGLE
Degrees

hi
mm

AREA A1 
roro2

h2
ran

AREA A2 
mn2

0,0 0.0 0.0 0.0 0.0

10.0 4.0 1528.9 9.0 1576.0

20.0 8.0 3114.3 16.0 3113.0

30,0 12.0 4757.0 22.0 4648.0

40.0 16.0 6457.0 28.0 6384.0

50.0 20.0 8214.0 34,0 8320.0

60.0 24.0 10029.0 39.0 10087,0

70.0 28.0 11900.0 44.0 11993.0

80.0 32.0 13829.0 48.0 13618.0

90.0 36.0 15814.0 53.0 15775,0

100,0 40.0 17857.0 58,0 18071.0

110.0 44.0 19957.0 61.0 19516.0
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Table(3.7) - Geometric Parameters of the Natural Inserts for
Sinuosity 2.04.

INSERTS FOR 110 DEGREES MEANDER
“ Nc

4-X-
bl b2 b3 b4 b5

•< = *tan”l<105/480) = 12.339°
bl = 45 + hi
b2 = 375.0 -  hi + hl/-tang<12.
b3 480.0 -  hl/-tan<12.339> -
b4 = 150.0 + h2/tan<12.339) -
b5 = 150.0 -  h2
b6 = b3 * tan<12.339)

ANGLE
Degrees

b l
nn

b2
nn

b3
nn

b4

nn
b5
nn

b6
nn

0,0 45.0 375.0 480.0 150.0 150.0 105.0

10.0 49.0 389.0 42L0 200.0 141.0 92.0

20.0 53.0 404.0 370.0 239.0 134.0 81.0

30.0 57.0 418.0 325.0 273.0 128.0 7L0

40.0 6L0 432.0 279.0 306.0 122.0 6L0

50.0 65.0 446.0 233.0 339.0 116.0 51.0

60.0 69.0 461.0 192.0 367.0 111.0 42.0

70.0 73.0 475.0 15L0 395.0 106.0 33.0

80.0 77.0 489.0 114.0 417.0 ioao 25,0

90.0 81.0 504.0 73.0 445.0 97.0 16.0

100.0 85.0 518.0 32.0 473.0 92.0 7.0

110.0 89.0 532.0 0.0 489.0 89.0 0.0
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Table(3.8)
Comparison of Discharge Measurements between Orifice Meter 

and Velocity Integration Method 
in The S.E.R.C.Flume Series B.

Sinuosity: 1.374 Trapezoidal Section Smooth Floodplains 
Stage Discharge in 1/s Difference
mm Orifice Meter Integration Method %

100.0 47.0 46.3 1.5
200.0 253.0 251.0 0.8
250.0 640.0 663.0 3.6

Sinuosity: 1.374 Natural Section Smooth Floodplains 
Stage Discharge in 1/s Difference
mm Orifice Meter Integration Method %

140.0 32.5 33.0 1.5
165.0 57.5 57.5 0.0
200.0 226.0 222.0 1.8
250.0 614.0 637.0 3.8

Sinuosity: 2.04 Natural Section Smooth Floodplains 
Stage Discharge in 1/s Difference
mm Orifice Meter Integration Method %

140.0 25.0 25.0 0.0
200.0 179.0 183.0 2.2
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Table(3.9)
Test Program of Measurements of Stream Angles and Velocities 

in The S.E.R.C. Flume Series B.
Trapezoidal Cross-section with Smooth Floodplains

Sinuosity: 1. 374
Depth Case Area Covered
mm
100 Inbank Main Ch.
200 Overbank Main Ch.+ Floodplain
250 Overbank Main Ch.+ Floodplain

:al Cross-section with Smooth Floodplains
Sinuosity: 1. 374

Depth Case Area Covered
mm
140 Inbank Main Ch.
165 Overbank Main Ch.
200 Overbank Main Ch.+ Floodplain
250 Overbank Main Ch.+ Floodplain

ross-section with Fully Roughened Floodplains
Sinuosity: 1.. 374

Depth Case Area Covered
mm
165 Overbank Main Ch.
200 Overbank Main Ch.+ Floodplain
250 Overbank Main Ch.+ Floodplain
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Table(3.9)
(Continued)

Test Program of Measurements of Stream Angles and Velocities 
in The S.E.R.C. Flume Series B.

Natural Cross-section with Smooth Floodplains 
Sinuosity: 2.04 

Depth Case Area Covered
mm
140 Inbank Main Ch.
165 Overbank Main Ch.
200 Overbank Main Ch.+ Floodplain

Natural Cross-section with Fully Roughened Floodplains
Sinuosity: 2.04 

Depth Case Area Covered
mm
165 Overbank Main Channel
200 Overbank Main Channel

In the main channel the following sections were measured: 
Sinuosity Sections
1.374 1 to 11
2.04 1 to 14
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Table(3.10)
Test Program of Measurements of Boundary Shear Stress 

in The S.E.R.C. Flume Series B.

Natural Cross-section with Smooth Floodplains 
Sinuosity: 1.374 

Depth Case Area Covered
mm
140 Inbank Main Ch.
200 Overbank Main Ch.+ Flood.

Natural Cross-section with Smooth Floodplains 
Sinuosity: 2.04 

Depth Case Area Covered
mm
140 Inbank Main channel
165 Overbank Main Ch. + Flood,
200 Overbank Main Ch. + Flood,

174



Table(3.11)
Test Program of Measurements of Flow Turbulence 

in The S.E.R.C. Flume Series B.
Sinuosity: 1.374

of Cross Section Depth
mm

Case Section

Trapezoidal 100 Inbank Apex
Trapezoidal 200 Overbank Apex
Natural 140 Inbank Apex
Natural 140 Inbank +40°
Natural 165 Overbank Apex
Natural 200 Overbank Apex
Natural 200 Overbank +40°

Sinuosity: 2.04 
Type of Cross Section Depth Case

mm
Natural 140 Inbank
Natural 165 Overbank
Natural 200 Overbank

Section

Apex
Apex
Apex

Table(3.12)
Cross-Checks of The S.E.R.C. Series B.Flume Results

Instrument No.1 Instrument No.2 Method
of

Cross-Check

Orifice Meter 

Vane
Mini-Propeller 
Preston Tube

Vane, Mini-Propeller
Churchill Probe
LDV
LDV
LDV

Discharge by 
Integration 

Streamline Angles 
Velocity 

Boundary Shear
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Table(3.13)
Case Studies of Stage-Discharge in S.E.R.C.

Case Sinuosity Main Channel 
Cross-Section

1 1. 374 Trapezoidal
2 1. 374 Natural
3 1. 374 Natural
4 1. 374 Natural
5 1. 374 Natural
6 1. 374 Natural
7 2. 04 Natural
8 2. 04 Natural
9 2. 04 Natural
10 2. 04 Natural
11 2. 04 Natural

Flume Series B. 
Floodplain 
Roughness 
Smooth 
Smooth 
Fully Rough. 
Part. Rough. 
Brick Blocks 
Width Reduced 
Smooth 
Fully Rough. 
Width Reduced 
Brick Blocks 
With a Wall
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Table(3.14) 
Comparison of Discharge Measurements by 
and by The Velocity Integration Method

Floodplain System 
Discharge in m /s 
Integr. Met.Orifice

0.0175 
0.0216 
0.0281 
0. 041 
0. 051

Orifice

0.0155 
0.0205 
0.0289 
0. 042

0.0169 
0.0206 
0.0283 
0. 039 
0. 052 

Main Channel System 
Discharge in m /s 
Integr. Met.

0. 016 
0.0199 
0.0282 
0. 043

The Orifice Meter 
in the Glasgow Flume

Error
%
-3.6 
-4.8 
+ 1.0 
-5.0 
+ 2.0

Error
%
+ 3.0 
-3.0 
-2.5 
+ 2.4

Table(3.15)
Calibration Constants of the Potentiometers of Glasgow Flume

millivolts/degree 
Potentiometer No. Author Supplier
1 35 35.8
2 38.0 39.94
3 37.0 36.12
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Table(3.16a)
Analysis of Scale Effects in The Main Channel 

of The Glasgow Flume

Stage Reynolds The Darcy-Weisbach Froude
mm Number Friction Factor Number
10. 0 4. 9*103 0.0369 0. 404
20. 0 1.4*104 0.0297 0. 44
30. 0 2. 64*104 0.0267 0. 46
40. 0 4. 0*104 0.0242 0. 47
60. 0 9.18*104 0.0205 

Table(3.16b)

0. 54

Analysis of Scale Effects in The 
of The Glasgow Flume

Floodplain

Stage Reynolds The Darcy-Weisbach Froude
mm Number Friction Factor Number
10. 0 5. 8*103 0.0365 0. 47
20. 0 1. 8*104 0.0291 0. 52
30. 0 3. 5*104 0.0255 0. 55
40. 0 5.5*104 0.0233 0. 58
60. 0 1.03*105 0.0205 0. 60
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Fig (3.2) - General View of The S.E.R.C. Flume Series B 
with Sinuosity 2.04 and Smooth Floodplains.
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Fig (3.5) - General View of The S.E.R.C. Flume Series 
with Sinuosity 1.374 and Fully Roughened Floodplains.
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Fig (3.21) - A View of the Bend Region of the Natural 
Meandering Channel( sinuosity 1.37), after Construction. 

S.E.R.C. Series B.
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Fig (3.23) - Digital Gauge Used for Measurements of Water 
Levels in The S.E.R.C. Flume.
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Fig (3.24) - Vane Used for Measurements of Streamline 
Angles in The S.E.R.C. Flume Series B.
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SKETCH OF THE VANE USED IN S.E.R.C. FLUME SERIES B

CONNEC TON TO POTENTIOMETER

COUNTER BALANCE WEIGHT

BLADE THICKNESS 0.8 MM

^BLADE DEPTH* 15.0 MM

BLADE LENGTH 45.0 MM

THESE ARE AVERAGE VALUES UF THE VANES USED IN 
S.E.R.C. SERIES B.

Fig (3.24a) - Sketch of the Vane used in The S.E.R.C. 
Series B.
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Fig. 3.26 -  Location o f  th e  Measurements Sections In 
S.E.R.C. Flume with Sinuosity 2.04.
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Mini-Propeller Mounted in the Main Channel 
iaqe of The S.E.R.C. Flume Series B.
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Fig (3.30) - Churchill Probe Used in The S.E.R.C. Flume 
Series B for Water Surface Levels Measurements.
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Fig (3.31) - Preston Tube and Pressure Transducer Used in 
The S.E.R.C. Flume for Boundary Shear Stress Measurements.
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Fig (3.33) - Submersible Probe of the LDV Installed in 
the Main Channel Instrument Carriage of The S.E.R.C. Flume 
Series B.
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FIG. 3.36 -  HOW TO SET UP UNIFORM FLOW IN S.E.R.C. FLUME.
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Lateral View of The Glasgow Flume

Upstream View of 
The Glasgow Flume
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Fig (3.39) - View of the Sump, the Pump, the Gate Valve 
and the Differential Manometers of the Main Channel System 
of The Glasgow Flume.
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Fig (3.43)
Instrument Carriage of 
The Glasgow Flume.
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CALIBRATION CURVE OF ORFICE METER OF MAIN CHANNEL FLUME 
PPE DIAMETER: 0.127 M ORFICE DIAMETER: 0.088 M
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Fig (3.44a) - Calibration Curve of the Orifice Meter of The 
Main Channel of The Glasgow Flume.

CALIBRATION CURVE OF ORFICE METER OF FLOODPLAIN FLUME 
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Fig (3.44b) - Calibration Curve of the Orifice Meter of The 
Floodplain Channel of The Glasgow Flume.
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Mounted on Instrument 
Carriage

mumin i in i

Fig (3.46) - Computer System of ^he Glasgow Flume
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IAGTFCM NOTEBOOK

MM

Fig (3.47) - Display Screen Showing Icons Connections for 
the Angle Measurements at The Glasgow Flume.

Fig (3.48) - Display Screen Showing Six Windows with
Results of Three Average and Three Standard Deviation Angles 
at the Glasgow Flume.
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Fig (3.49) - The Pitot Static Tube and The Pressure
Transducer Mounted on the Instrument Carriage of The Glasgow 
Flume.
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Fig (3.50) - Calibration Device for the 
Transducer of the Glasgow Flume.

Pressure
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CHAPTER 4

STAGE-DISCHARGE, FLOW CONVEYANCE AND ENERGY LOSSES
IN MEANDERING COMPOUND FLOWS

4.1 INTRODUCTION

Several parameters affect the conveyance of meandering 
compound channels. Previous research on this subject has shown 
that:
- Increasing the main channel sinuosity considerably diminishes 
the conveyance( U.S.Army Corps of Engineers(1956). Typically the 
discharge reduces 30%-40% for increasing sinuosity from 1.0 to
1. 57.

- Floodplain roughness reduces conveyance substantially (Sellin 
and Giles(1988)). Typically a 30% reduction in the total 
conveyance is found comparing compound channels with cut and 
uncut floodplain vegetation.
- The geometry of the main channel's cross-section seems to have 
a considerable effect on conveyance. This is true both for the 
shape of the main channel( Willetts and Hardwick(1990)) but 
also for the aspect ratio of the main channel ( Ervine and 
Jasem(1992)).
- The relative depth of flow( Kiely(1989)) is also a significant 
parameter. For instance the strength of the secondary currents 
that develop in the main channel are much greater for an overbank 
case than for an inbank case. These secondary currents, as shown 
by Ervine and Ellis(1987), introduce significant energy losses 
and reduce the conveyance of meandering compound channels.

Chapter 4 is concerned with the parametric analysis of the 
conveyance of meandering compound channels. In this analysis the 
following parameters were varied:

- Main Channel Cross-Section
- Sinuosity
- Floodplain Roughness
- Stage(relative depth of flow)
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- Main channel aspect ratio
- Ratio of the meander belt width to the total channel 

width.
Chapter 4 is divided into five main sections:

(i) Stage-Discharge
The conveyance of the meandering compound channels is 

examined in terms of the stage-discharge relationship. This 
analysis is based in data collected from S.E.R.C. flume Series B 
tests.

(ii) Flow-Resistance
The flow resistance of meandering compound channels of 

S.E.R.C. Series B was examined in terms of the variation of the 
resistance coefficient Manning's n with stage, and the 
relationship between the Darcy-Weisbach friction factor with the 
Reynolds number. Two different approaches are presented. First, a 
one-dimensional approach was used, where both resistance 
coefficients were calculated, at bend apex section, considering 
the main channel and the floodplain cross-sections as a single 
section. Second, a three dimensional approach was used, where 
detailed contour maps of the Darcy-Weisbach friction factor were 
determined from boundary shear stress and velocity measurements. 
In the one-dimensional approach, the analysis included comparison 
with data from S.E.R.C. Series A( the straight and the skew 
compound channel).

(iii) Boundary shear distribution
The resistance developed by the flow near the river bed can 

be expressed in terms of the boundary shear stress distribution. 
Based on data from S.E.R.C Series B, the effects of the stage and 
of the main channel sinuosity on the boundary shear distribution 
will be shown for the case of smooth floodplains.

(iv) Parametric analysis
Following on the work of Ackers(1991), the parametric
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analysis of the conveyance of meandering compound channels was 
carried out using a non-dimensional functions Fi, F4 and Fs, 
which represent the ratio between actual discharge divided by the 
theoretical discharge. The theoretical discharge was computed, 
considering only energy loss produced by skin friction. Function 
Fi was derived for the inbank case while the other two functions 
F4 and Fs were developed for the overbank case. Function F4 was 
calculated considering the vertical wall division method while 
function Fs was computed, considering the combination of both, 
the horizontal and the vertical wall division methods as 
discussed by Ervine and Ellis(1987). This analysis included data 
from S.E.R.C. Series B, from S.E.R.C. Series A and data from 
other flumes.
(v) Separation of energy losses

A method was developed to separate main channel energy 
losses from floodplain energy losses, that occur in the 
meandering compound channels of S.E.R.C. Series B.

4.2 STAGE-DISCHARGE CURVES FOR S.E.R.C. SERIES B TESTS

In S.E.R.C. flume Series B tests, stage-discharge curves for 
the meandering compound flows were determined in the following 
cases:

- Inbank and overbank cases( for sinuosities 1.37 and 2.04)
- Main Channel Cross-Sections:

Trapezoidal section( for sinuosity 1.37)
Natural section( for sinuosities 1.37 and 2.0)

Floodplain Roughness:
Smooth Case( for sinuosities 1.37 and 2.0) 
Floodplain Width Reduced but Smooth( for
sinuosities 1.37 and 2.0)
Fully Roughened( for sinuosities 1.37 and 2.0) 
Partially Roughened( for sinuosities 1.37) 
Floodplain with Pier Blocks( for sinuosities 1.37 
and 2 .0 )
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Floodplain Walled( for sinuosity 2.0)
The actual data from the S.E.R.C. flume Series B is shown,

in Tabular form in Appendix I, giving detailed values of stage,
discharge and temperature.

A distribution of 12 rods per square metre with each rod 25 
mm diameter and spaced 315 mm apart( Fig(3.4) was used in the 
cases of fully or partially roughened floodplain. Fully details 
have already been given in Chapter 3, Section 3.2.1.

Fig(4.1) shows the S.E.R.C. flume Series B stage-discharge 
curves for both inbank and overbank cases, for sinuosities 1.37 
and 2 .0 , and when the floodplains were smooth and fully
roughened. Considering the inbank cases only the following points
can be noted:

(i) The meander channel with sinuosity 1.37 with trapezoidal 
cross-section, presents higher conveyance than the natural case 
with same sinuosity. This is due to the greater area of the 
trapezoidal cross-section( 40% greater) compared to the 
cross-sectional area of the natural meander channel.

(ii) Comparison of the conveyance of the two natural meander 
channels with different sinuosities shows a slight reduction in 
conveyance as the sinuosity increases.

These findings should be reviewed in the light of the Table 
given below with details of each inbank geometry.

Even though the main channel top widths are identical, the 
cross-sectional area of the trapezoidal channel is significantly 
greater than the natural channel, whereas the two natural 
channels at differing sinuosities have very similar 
cross-sectional areas.

Details of Main Channel Geometry
Shape Sinuosity Cross-Sectional Area Top Width

2m m
trapez. 1.37 0.1575 1.2
nat. 1.37 0.0941 1.2
nat. 2.04 0.098 1.2
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Concerning overbank flow regimes in Fig (4.1) the following 
general points can be made:

(i) Rough floodplain flows produce significantly less discharge 
than smooth floodplain flows. From Fig (4.1) the degree of flow 
reduction for rough cases increases with stage, reaching values 
of the order of 60—70% reduction compared to the smooth case.

(ii) An increase in sinuosity from 1.37 to 2.04 also reduces
conveyance. This is particularly true in the smooth flood plain
cases.

(iii) There is a different flow behaviour comparing trapezoidal 
and natural cross-sections, for the same value of sinuosity and 
flood plain smoothness. Comparing 1.37 NAT. SMOOTH with 1.37 
TRAP. SMOOTH it is clear that up to stage 250.0 mm, the 
conveyance of the meandering channel with trapezoidal
cross-section is slightly larger than the natural cross-section. 
However for stages higher than 250.00 mm, the stage-discharge 
curve of the natural case shows that its conveyance becomes 
greater than meandering channel with the trapezoidal
cross-section. There are several possible reasons to explain this 
phenomenon. For depths smaller than 250.0 mm, the total 
conveyance of the meandering compound channel depends more on the 
contribution of the conveyance of the main channel. Because the 
trapezoidal cross-section has a 40% larger area than the natural 
cross-section, its conveyance is greater than the natural 
channel. Second, for stages higher than 250.00 mm, the floodplain 
streamlines are less affected by the main channel flow, and they 
become practically parallel with floodplain wall. In this case 
the trapezoidal cross-section, as evidenced by Willetts and 
Hardwick( 1990), produces more flow resistance than the natural 
cross-section. As well as this, an additional parameter, the 
aspect ratio( ratio between the main channel top width and the 
bankfull depth), may well influence the conveyance of meandering 
channels. The trapezoidal cross-section has an aspect ratio

236



(about 8 .0 ) while than the aspect ratio of natural cross-section 
can reach as high as 13.0 at cross-over region, possibly 
producing some effects. This will be analysed in detail in 
section 4.5.

The effect of sinuosity, cross-section and floodplain 
roughness on the conveyance of the meandering channels of 
S.E.R.C. flume Series B (for the overbank case) was quantified as 
a percentage, considering the base for comparison as the 
discharge of the natural meander channel with sinuosity 1.37 and 
with smooth floodplains. The analysis, whose results are listed 
in Table(4.1), was done for three different stages 200.00, 250.00 
and 300.00 mm, respectively.

The results presented in Table(4.1) show that:
- As sinuosity increases from 1.37 to 2.04 and floodplain is 
smooth, the conveyance can be reduced by 20%; This effect 
diminishes with increases of stage.
- For a sinuosity of 1.37, if floodplain roughness is changed 
from the smooth case to the fully roughened case, the conveyance 
reduces significantly with the stage( the reduction for stage
300.00 mm was 65%).
- The trapezoidal cross-section, for stages less than 250.00 mm 
conveys more discharge than the natural cross-section; however, 
for stage 300.00 mm, the trapezoidal cross-section reduces the 
conveyance by 5%, in relation with the natural cross-section.
- Both roughened cases, for stages greater than 200.00 mm, 
exhibit similar results on the reduction of the conveyance.

Fig(4.2) shows the effect of five different kinds of 
obstacles placed on floodplain, on the stage-discharge curve for 
the overbank case of the natural meandering channel with 
sinuosity 1.37. The layout of these obstacles has been sketched 
in Fig (3.3) to Fig (3.8). There is a substantial reduction on 
the capacity of the meandering compound channels as the 
floodplain roughness increases from smooth floodplain, floodplain 
with bridge piers, partly roughened floodplain, floodplain width 
reduced and smooth and finally, fully roughened floodplain.

Fig(4.3) shows the effect of five kinds of obstacles placed
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on floodplain, on the stage-discharge curve for overbank case of 
the natural meandering channel with sinuosity 2.04. There is 
again a substantial reduction on the capacity of the meandering 
compound channel flow, as the floodplain roughness increases from 
smooth floodplain, floodplain with bridge piers, floodplain width 
reduced and smooth, fully roughened floodplain, and finally the 
floodplain with transverse walls. The conveyance of the bridge 
piers case and the floodplain width reduced case are practically 
the same. The case of walled floodplain shows a substantial 
reduction on the conveyance in comparison with the case of fully 
roughened floodplain. Thus it is expected that road embankments 
crossing river valleys will reduce significantly the discharge 
capacity of the meandering compound channel.

The effect of the different kind of obstacles placed on the 
floodplain of both meanders of S.E.R.C. flume Series B was 
quantified and expressed as a percentage, considering the base 
for comparison as discharge for the stage 250.00 mm of the 
meandering channel with sinuosity 1.37 and smooth floodplains. 
The results, presented in Table(4.2) show that:
- The bridge piers of the sinuosity 2.04 produce more effect in 
reducing the conveyance than the ones placed in the sinuosity 
1. 37.
- The two floodplain width reduced cases can not be compared 
directly because the meander belt width in both sinuosities is 
different.
- For sinuosity 1.37, the conveyance reduces significantly( 26% ) 
between the cases of partly roughened floodplain and fully 
roughened floodplain.
- For sinuosity 2.04, the floodplain wall introduces a great 
constriction to the flow( for example, for stage 250. 0 mm the 
reduction reaches almost 90%), when compared with the smooth 
case.

The stage-discharge data from S.E.R.C. flume Series B are 
enclosed in Appendix I.
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4.3 FLOW RESISTANCE IN MEANDERING COMPOUND CHANNELS

4.3.1. Approximate Friction Factors

The interpretation of the behaviour of the stage-discharge 
curves in open channel flows is often carried out through the 
analysis of the flow resistance coefficients. In this work the 
method of analysis of the flow resistance will be based on the 
determination of the resistance coefficient Manning's n with 
stage as well as and the Darcy-Weisbach friction factor with the 
Reynolds Number. For uniform flow the Manning's n resistance 
coefficient is expressed as

2/3
n = A R Q ~ — —  ( 4 . 1 )

where, A is the total cross-section area( which is equal to the 
sum of the main channel and floodplain areas), R is the hydraulic 
radius, So is the bed slope and Q is the discharge. The 
Darcy-Weisbach friction factor is expressed as,

A28 g R So 3 R. Sr
f --------  S (4.2)

Q ‘.2 \yl

Both resistance coefficients were calculated at the bend apex 
section of each meander studied, and the main channel and 
floodplain constitute a single unit. A problem arises immediately 
in the application of Equations (4.1) and (4.2) to meandering 
compound flow. The value of the bed slope SQis different from 
main channel to floodplain. Which bed slope is applied to which 
part of the flow, during overbank flow ? Clearly sub-division 
methods are required with resistance coefficients calculated for 
each sub-section of the flow. This will be discussed later. For 
the meantime it was decided to use the floodplain slope only in 
the determination of n and f, so that all the flow was assumed to 
have this slope. This means that the calculated resistance 
coefficients should be treated only as a rough guide until more 
sophisticated methods are discussed.
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The other problem with Equations (4.1) and (4.2) applied to 
overbank flow is the definition of hydraulic radius R. Clearly at 
very shallow floodplain flow depths, the value of RfcA/P) suddenly 
decreases giving artificially low values of both Manning's 'n' 
and Darcy Weisbach, f.

S With these restrictions in mind we may now turn to the
; results for the Series B S.E.R.C. flume.

Fig(4.4) shows the variation of Manning's n coefficient with 
; depth (linear scale), for the following test conditions: 
i - Inbank and overbank cases(for both sinuosities)

- Trapezoidal cross-section( only for sinuosity 1.37)
- Natural cross-section (for both sinuosities)
- Smooth and fully roughened floodplain( for both 

sinuosities)
The following points may be noted from Fig(4.4) :
Inbank Case:

- As depth increases, Manning's 'n' tends to be constant.
- As sinuosity varies between 1.37 to 2.04, Manning'smincreases
approximately 14%. This is the result of the increase of the 
strength of the secondary currents.
- For low depths, the natural section with sinuosity 1.37 shows 
very high values of Manning's 'n', produced by the riffles and

! pools; as depth increases the Manning's n reduces below the 
! values of the trapezoidal section.

- The Manning's n, calculated for the meandering channels with 
sinuosities 1.37 and 2.04, was 0.0115 and 0.0135 respectively. 
This includes the effects of skin friction and secondary flow; in 
Series A with the straight trapezoidal channel, the Manning's n 
value produced only by skin friction was about 0 .0 1 .
- For low depths the Manning's n value of the meandering channel 
with trapezoidal section was 0 .0 1 , behaving practically like a 
straight channel.

Overbank Flow:
As the depth increases, the Manning's n of the smooth 

floodplain cases tend to be constant, while the Manning's n of 
the fully roughened floodplain cases increase with depth. The
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latter is a function of the type of rod elements used for 
boundary r oughne s s.
- Manning's n increases 25% as sinuosity changes from 1.37 to
2.04 for smooth floodplains, and by 55% for rough floodplains.
- Manning's n increases substantially with floodplain roughness. 
For example, for sinuosity 2.04, the Manning's n increases 63% at 
stage 2 0 0 . 0  mm, compared with the smooth case.
- Manning's n of the trapezoidal section is slightly larger than 
the one of the natural meander channel.
- The Manning's n for an overbank case, includes bed friction and
additional losses produced by the lateral shear, secondary flow,
horizontal shear and additional friction introduced by the 
floodplain roughness. These will be discussed in more detail
later in the chapter.

Fig(4.5) and Fig(4.6) shows the effect of several different 
kinds of obstructions placed on the floodplain, on the variation 
of Manning's n coefficient with depth. On both figures, in the 
cases of smooth floodplain, floodplain width reduced and the 
floodplain with bridge piers, the Manning's n coefficient becomes 
almost constant with depth. In the other cases of the floodplain 
fully roughened, the partially roughened floodplain and the
floodplain with transverse walls, the Manning's n coefficient 
increases substantially with the depth, even at a relative depth 
of 0.5 or stage 300 mm. This brings into question the use of
vertical rods for floodplain roughness. In nature they would only 
represent trees, but not vegetation, weeds, grass and hedges 
which will bend in floodplain flows and in fact become
submerged. The Darcy-Weisbach friction factor is plotted against 
the Reynolds number in Fig(4.7(a)) and in Fig(4.7(b), for the 
inbank and overbank cases and for the smooth and fully roughened
floodplain cases of S.E.R.C. Series B.

Fig(4.7(a)) compares friction factors for inbank and 
overbank flows for smooth floodplain only. For inbank flows, 
friction factors tend to be almost constant with Reynolds Number, 
as the stage increases.
- Friction factor increases with sinuosity. For instance, as
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sinuosity varies between 1.37 and 2.04, friction factors increase 
approximately 40%.
- Inbank flow friction factors are substantially less than those 
for overbank flow.
- For overbank flow, as sinuosity increases from 1.37 to 2.04,tv*the friction factor may rise by 50%, for/smooth floodplain case. 
Fig(4.7b) compares friction factors for smooth and rough cases 
for overbank flow only.
- As floodplain roughness changes from the smooth case to the 
fully roughened floodplain case, the friction factor increases 
dramatically.
- In both sinuosities, it was verified that: when the floodplain 
is smooth, the Darcy-Weisbach friction factor reduces with 
increasing of the Reynolds number; when the floodplain is fully 
roughened, the Darcy-Weisbach increases almost linearly with the 
Reynolds number. It is speculated that real floodplain behaviour 
will lie somewhere between these two extremes.
- The fully roughened case of the natural meandering channel with 
sinuosity 1.37 shows that for higher Reynolds numbers, the 
friction factors will eventually be greater than the ones of the 
meandering channel with sinuosity 2.0. For higher stages, the 
channel behaves like a single unit with a large rectangular 
cross-section. In this case, the loss of energy introduced by the 
main channel is very small in comparison with the loss produced 
by the floodplain roughness. Because the meander channel with 
sinuosity 2 . 0  has a roughened area smaller than the meandering 
channel with sinuosity 1.37, the friction factors will ultimately 
tend to be smaller for sinuosity 2.04.

Fig(4.8) and Fig(4.9) for sinuosities 1.37 and 2.04 
respectively, show the effect of different types of floodplain 
obstructions on the variation of the Darcy-Weisbach friction 
factor with the Reynolds number. The test conditions were 
previously described in section 4.2. In Fig(4.8), in the case of 
the floodplain with bridge piers, the friction factor is 
practically constant with the Reynolds number, defining a 
transition between the smooth floodplain case and the fully
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roughened floodplain case. In Fig(4.9) the case of transverse 
floodplain wall shows very high values of friction factors. Thus 
it is predicted that river valleys crossed by road embankments, 
will produce great reductions in river conveyance. Fig(4.8) shows 
the appearance of a large gap between the friction factors of the 
cases of the fully roughened floodplain and the floodplain partly 
roughened. It seems that large energy losses occur outside of the 
meander belt in the fully roughened case.

Comparison between the results of the straight (Series A),
the skew (Series A) and the meandering compound channel of
S.E.R.C. Flume Series B are shown in Fig(4.10) in terms of the 
variation of the Darcy-Weisbach friction factor with the Reynolds 
number. The comparison is applied to an overbank case with smooth 
floodplain and the main channel with trapezoidal cross-section. 
Table(4.3) lists the geometric parameters of the straight and of 
the skew compound channel of S.E.R.C. flume Series A used in this 
comparative study. Fig(4.10) shows that as sinuosity rises from
1.0 to 1.37, the friction factor may increase 70%-100% although 
the size of the trapezoidal cross section of the main channel of 
S.E.R.C. Flume Series A and B were not exactly the same, as noted 
in Table(4.3).

A similar effect is noted in Fig(4.11) for the case of the 
fully roughened floodplain. In both the Series A and B data there
is a large increase in friction factor with Reynolds Number, as
well as a large increase in friction factor comparing straight 
with sinuous. Table(4.4) lists the geometric parameters of the 
straight and of the skew compound channel of S.E.R.C. flume 
Series A used in this comparative study. The floodplain was 
roughened with 25.00 mm diameter rods with a triangular 
distribution, having a density of 1 2 per m2 which was exactly the 
same as Series B tests.

Fig(4.8) has shown already the existence of a large gap 
between the friction factors of the fully roughened floodplain 
case and the one in which the floodplain was partly roughened at 
the limits of the meander belt width. The reason for this may be 
partly bound up in the original definition of bed slope and hence
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friction factor; but it may also be partly explained with 
reference to Fig(4.12). In this figure, the fully roughened cases 
studied with both sinuosities in S.E.R.C. Series B tests, is also 
presented together with a case tested in S.E.R.C. Series A, for 
an inbank condition of the straight compound channel( bottom 
width 1.5 m; side slope 1:2), in which the rod frames were placed 
inside the main channel. These rods roughness frames used in 
S.E.R.C. Series A had the same diameter and the same density 
distribution as the ones applied on the floodplain of Series B. 
The first conclusion is that the Series B cases with floodplain 
fully roughened are much nearer the inbank case of Series A with 
the main channel fully roughened than the other cases 
investigated in Series B. It seems that the flow resistance in 
Series B with floodplain fully roughened are highly influenced by 
the friction introduced by the rod frames placed outside the 
meander belt. This is apparently the reason that explains the 
large difference between the case of the floodplain partly 
roughened and the case of the floodplain fully roughened. 
Fig(4.12) shows also for the same Reynolds Number, the friction 
factors of the inbank case are: larger than the ones produced by 
sinuosity 1.37; smaller at the beginning and become again larger 
for higher Reynolds number than ones produced by sinuosity 2.04. 
The conclusion is that the friction effect, introduced by the 
sinuosity 1.37, is smaller than a case of a straight fully 
roughened channel. In relation to the meandering channel with 
sinuosity 2.04, the friction factors, for low depths on the 
floodplain, is dominated by the effect of sinuosity, in 
comparison with the case of a straight fully roughened channel; 
for higher stages, the meandering compound channel with 2. 04 
sinuosity and fully roughened will exhibit smaller friction 
factors than a fully roughened straight channel with same 
cross-section.

Another parameter that may affect the flow resistance of 
meandering compound channels is the ratio of the meander belt 
width( W ) to the total channel width( W ). Based on data fromm t
S.E.R.C. flume Series B and U.S. Army Corps of Engineers(1956),
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an analysis of the effect of the ratio wm/wt on the flow 
resistance( expressed through the relationship between the 
Darcy-Weisbach friction factor and the Reynolds number) was 
carried out.

The best way to compare the effect of changing Wm/Wt is to 
consider data for one sinuosity where the only change has been to 
move the floodplain walls in, to the edge of the meander belt 
width. This was done for the smooth case at sinuosity 1.37, with 
Wm/Wt ratios below

S.E.R.C. Series B Floodplain Fully Roughened
Sinuosity Total Meander Belt Wm/Wt

Channel Width Width
m m

1.37 10.0 6.1 0.61
1.37 6.1 6.1 1.0

Fig(4.13a) shows that the flow resistance tends to be
approximately the same for both ratios wm/wt- This means that the
flow resistance of meandering compound channels with smooth
boundaries is practically not affected by the ratio wm/wt-

The analysis of the effect of the ratio W /W on the flowm t
resistance of meandering compound channels was also carried out 
from data of U.S. Army Corps of Engineers(1956). The analysis was 
performed for meandering compound channels with sinuosities 1.33 
and 1.57 both smooth and fully roughened floodplains. The 
geometric characteristics of the meandering compound channels 
were:

Sinuosity 1.33 and Floodplain Smooth 
Total Channel Meander Belt Main Channel
Width
m
4. 8 8  
9. 1 

- In the smooth

Width
m
3. 05 
3. 05 

case above,

Top Width 
m
0. 457 
0. 457 

the floodplain

W'/W nr t

0. 63 
0. 33 

roughness was brushed
concrete with Manning's n approximately 0.012.
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Details of the rough case are given below.
Sinuosity 1.57 and Floodplain Roughened

Total Channel Meander Belt Main Channel W /V7m t
Width Width Top Width
m m m
4. 88 4. 42 0. 762 0. 91
9. 1 4. 41 0. 762 0. 48

The artificial roughness placed on the floodplain was
reproduced through expanded metal with long dimension normal to 
the flow. The artificial roughness used is commercially 
designated as "Diamond Metal Lath, Wheeling 2.5 Bantam" with a 
quoted Manning's n approximately 0.025.

The bed slope of the floodplain was 1*10~3, for both
sinuosities.

The flow resistance was expressed in terms of the 
relationship between the Darcy-Weisbach friction factor against 
the Reynolds number. The calculation procedure followed was the 
same as the one adopted for the S.E.R.C. flume Series B. The
results are plotted in Fig(4.13b). This figure shows that for
both smooth and fully roughened floodplain cases, the flow 
resistance reduces very slightly, as the ratio W /W diminishes.
This confirms the previous findings of the S.E.R.C. flume Series 
B.

Another interesting finding of Fig(4.13) is the way the 
Darcy-Weisbach friction varies with the Reynolds number when the 
floodplain is fully roughened. These results show the 
Darcy-Weisbach friction factor reducing with the increase of the 
Reynolds number, whereas in the S.E.R.C. flume with vertical rod 
roughening the opposite occurs. A possible explanation for this 
different behaviour can be ascribed to the type of roughness used 
in both cases. In S.E.R.C. flume Series B the roughness was 
reproduced by vertical rod elements with 25.00 mm diameter, 
triangular distribution spacing 315.0 mm and always piercing the 
water surface. In U.S. Army Corps of Engineers(1956) case, the 
roughness was simulated through a metal mesh which was always 
submerged.
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4.3.2. Refined Friction Factors

The flow behaviour in meandering compound channels, as 
previously noted, is highly three-dimensional. Therefore the
calculation of the friction factor assuming a single section, is 
a simplified approach to a complex phenomenon. Another
simplification of the above approach was, to assume in the
calculation of the friction factor that the bed slope, So, was 
the floodplain slope. For inbank flows the bed slope was taken as 
the floodplain slope divided by the sinuosity. Even for inbank 
flows this assumption considered for the main channel region 
could not be true in the case of the natural cross section, 
because the cross-section geometry is changing longitudinally and 
transversely, and bottom slope is not necessarily the floodplain 
slope divided by sinuosity. In fact the main channel slope
locally is sometimes adverse. In order to take into consideration 
the three-dimensionality of the flow, it was considered important 
to investigate the spatial variation of the Darcy-Weisbach
friction factor in the main channel and on the floodplain regions 
of the meandering channels tested in S.E.R.C. flume Series B.

In order to calculate the local value of the friction 
factor, it is necessary first to introduce the expression that 
describes the boundary shear stress TQexerted on a bed and banks 
of a straight open channel,

t q= R p g So (4.3)
Expressing the above equation in terms of g So and replacing
these terms in equation (4.2), gives

8 T
t = ----1 (4.4)

P  U

which is the equation that enables a calculation of the local 
value of the friction factor as a function of the boundary shear 
stress( z ) and of the depth averaged streamwise velocity( U). 
Equation (4.4) reveals that friction factor will be maximum where 
the depth averaged velocity reaches its minimum and the boundary 
shear reaches its maximum.
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In order to calculate the local value of the friction factor 
it was necessary to determine first the values of the depth 
averaged velocity and the boundary shear stress at a particular 
vertical slice. As described in Chapter 3, measurements of flow 
velocities, stream angles and boundary shear stress were carried 
out in a grid that covered both the main channel and the 
floodplain region. In particular the boundary shear stress was 
measured by Preston tube in the local streamwise direction in the 
main channel and in the longitudinal direction on the floodplain. 
The steps followed in the calculation of the local value of the 
friction factor were to determine in each vertical the depth 
averaged velocity in streamwise direction in the main channel and 
in the longitudinal direction on the floodplain. Second, the 
measured shear stress was combined with depth-averaged velocity 
and the local value of the friction factor was obtained. From 
these values, contour levels of friction factor were generated by 
appropriate software called UNIMAP. Contour levels of friction 
factors were obtained in the following conditions:

a - Inbank Depth 140.0 mm and natural cross section( 
for both sinuosities) 

b - Overbank Depth 165.0 mm and natural cross section( 
for sinuosity 1.37) 

c - Overbank Depth 200.0 mm and natural cross section( 
for both sinuosities)

Fig(4.14) and Fig(4.15) show the contour levels of friction 
factors of an inbank case for sinuosities 1.37 and 2.04 
respectively. Both figures reveal that the highest values of 
friction factor are located near the inner bank of the bend, 
reaching a maximum at the downstream end of the bend. In both 
cases the maximum value of the friction factor was approximately 
0. 04.

The reasons for this distribution of friction factors with 
peaks at the start of the cross over region may be connected with 
flow separation (in plan) with its attendant additional energy 
losses, or because of the region of flow deceleration in that
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area where the channel bed has a strong downward gradient from 
the plateau region at the bend apex. Alternatively it may be a 
function of the formulation f = 8t q /pU2 which may be appropriate 
for a full cross-section of the flow but of less relevance at 
local points in the flow.

Fig(4.16) shows the contour levels of the friction factors 
of an overbank case with a depth of 165.0 mm, as outlined in (b) 
above. The contour levels are plotted only in the main channel 
region because boundary shear stress and velocity measurements 
were not carried out in the floodplain region for this particular 
test. This figure reveals that the high values of the friction 
factors are still located near the inner bank of the bend, but 
the maximum value is moved slightly upstream compared to the 
inbank case. The maximum value of the friction factor was 
increased in relation to the inbank case, reaching approximately 
0.05. The general range of friction factors are also increased, 
denoting greater resistance to flow in the main channel even at 
shallow depths of overbank flow) compared with the inbank case.

Fig( 4. 17) and Fig(4.18) show the contour levels of the 
friction factors of an overbank case with a depth of 200. 0 mm, 
for both sinuosities as outlined in (c) above. On both figures 
the pattern of contour levels of the friction factors is totally 
different in relation to the one that develops for an inbank 
situation. For sinuosity 1.37 the maximum friction factor is 
located on the right downstream floodplain, at the cross over 
region. For sinuosity 2.04, there is a high peak of the friction 
factor at the right bank of the middle section of the cross-over. 
The reason for such high peaks in friction factor at this 
location is undoubtedly connected with regions of large 
acceleration where main channel flow "pours over" unto the 
floodplain. At this point the slope of the energy line is very 
steep in the longitudinal direction producing high values of 
pgRSf the local shear stress. In both cases the floodplain 
region, outside the influence of the area where the flow 
accelerates, exhibits a practically constant value of friction 
factor, being 0.02-0.025 for sinuosity 1.37 and 0.03 for
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sinuosity 2.04.

4.4 BOUNDARY SHEAR STRESS DISTRIBUTION

The location of the maximum or the minimum values of the 
boundary shear stress in open channels will identify the zones 
where the flow will tend to cause erosion or deposition of 
sediments. Previous studies have shown that:
- In straight open channels with symmetric cross-section, the 
distribution of boundary shear tends to be symmetrical and 
reaches zero at the corners of the section, as the result of the 
presence of secondary currents( Knight and Lai(1985)).
- In the case of flow around a bend, the distribution of boundary 
shear stress is altered by the presence of secondary currents. At 
the bend entrance, the maximum values of boundary shear stress 
tend to be located near the inner bend. As the flow progresses 
downstream, the maximum value of boundary shear stress, as the 
result of the effect of secondary currents, moves gradually 
towards the outer bank( Ippen and Drinker(1962).
- In a straight compound flow, Knight(1991), the pattern of 
boundary shear stress is altered compared with an inbank case. As 
the result of momentum transfer from the main channel to the 
floodplain, the boundary shear stress reduces in the main channel 
in comparison with an inbank case, and increases in the 
floodplain region.
- In a meandering compound flow, both the bend and the cross-over 
regions, have enhanced strength of secondary currents, as pointed 
out by Ervine and Jasem( 1992)). It is expected that these 
secondary currents will considerably affect the pattern of 
boundary shear stress, but there has not been until now, any 
studies on the effect of overbank flow on boundary shear stress 
distribution in meandering compound channels.

In the test program of S.E.R.C. Series B, the measurements 
of the boundary shear stress were carried out by the Preston tube 
in the streamwise direction in the main channel and in the
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longitudinal direction in the smooth floodplain region, details 
of these measurements have been described in Chapter 3. Boundary 
shear measurements have been conducted for both sinuosities with 
natural cross section, for the following stages:

a) Inbank Case: Depth 140.0 mm
b) Overbank Case: Depth 165.0 mm
c) Overbank Case: Depth 200.0 mm

The Preston tube will give (at each grid point), the local value 
of the boundary shear stress. Based on these local values, 
contour levels were generated through software called UNIMAP.

Fig(4.19) and Fig(4.20) show the contours of boundary shear 
stress for the inbank case(a) for each sinuosity. On both figures 
the high values of boundary shear are located in opposite sides 
of the bend. For sinuosity 1.37, the high values are distributed 
along the inner bank of the bend, for sinuosity 2.0 they are 
located at the downstream end of the outer bend at the cross over 
section. For sinuosity 1.37 the maximum is reached approximately 
near the bend apex, while for the other sinuosity is at the 
cross-over section. The location of these high values of boundary 
shear are associated with the distribution of the highest 
velocities. This point will be discussed in CHAPTER 5 during the 
analysis of the velocity distribution. It can be seen from Fig 
(4.19) and Fig(4.20) that the average values of shear stress are 
in the same region as an equivalent straight channel. Assuming a 
straight channel and considering the bed slopes of each sinuosity 
at the cross-over section, the boundary shear stress will be:

For sinuosity 1.37: 
t q= y h So = 104* 0.079 * 0.996 * 10‘3* COS 60° = 0.39 N/m2

For sinuosity 2.04: 
t q= 104* 0.079 * 1.02 * 10"3* COS 70° = 0.27 N/m2

Fig(4.21) and Fig(4.22) show the contours of boundary shear 
stress for overbank flow (stage 165 mm) and for both sinuosities. 
Both figures show a decrease of boundary shear stress in main
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channel region compared with the inbank case. For sinuosity 1.37, 
in the main channel region, the high values are located near the 
inner bank of the bend and at the right bank of the cross-over. 
No values were available for the floodplain. For sinuosity 2.04, 
in the main channel region, the high values are located near the 
outer bank of the bend approximately 80-90 degrees downstream 
from the bend apex. For sinuosity 2. 04, the maximum value of 
boundary shear is in fact located in the floodplain region, at 
the right bank, probably due to the effect of flow acceleration. 
At least 1/3 of the right floodplain is affected by the flow 
acceleration. Outside this region the distribution of the 
boundary shear is quite uniform( 0.2 N/m2) and similar to that 
which would occur in a straight channel.

Fig(4.23) and Fig(4.24) show the contours of boundary shear 
stress for the overbank flow, stage 200 mm and both sinuosities. 
Both figures show a reduction in the boundary shear stress value 
in the main channel region compared with the previous cases. For 
the meandering channel with sinuosity 2.04 in particular, a 
significant reduction in the boundary shear stress occurs 
compared with the values observed for the inbank case. This 
demonstrates that in meandering compound channels, as the flow 
goes from an inbank case to an overbank case, the main channel 
will start losing its capacity in carrying sediments downstream.
As a result of this situation, the main channel will be a region 

where sediments will tend to deposit. Fig(4.20) and Fig(4.22) 
reveal also that the maximum boundary shear, as the result of 
flow acceleration, is located at the right floodplain at the edge 
of the main channel, at the downstream end of each bend. This 
area, where the high values of boundary shear were identified, 
extends from the main channel to the floodplain and could be 
subjected to scour and eventual migration of a meander.
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4.5 PARAMETRIC ANALYSIS OF FLOW CONVEYANCE IN MEANDERING
COMPOUND CHANNELS

4.5.1. Introduction

Assessment of discharge capacity in a compound channel is
difficult, but even more so for a meandering compound channel.
The difficulties are great because the relative influence of each
parameter is unknown, and in meandering natural channels, the
parameters extend to sinuosity, cross-sectional shape of the main
channel, aspect ratio of the main channel, relative roughness
between floodplain and main channel, relative width of meander
belt to the full floodplain width, relative depth of flow on the
floodplain, and so on. In this work, an investigation into the
influence of each parameter is called, a parametric analysis. It
is confined in the first instance to discharge assessment.

In the analysis it was decided to investigate only three
non-dimensional terms for the discharge in a meandering compound
flow. They are F F and F , and each one is a ratio of actual J 1 4  s'
measured discharge to total computed discharge based on skin 
friction_onlv.
F = actual discharge/theoretical discharge for inbank flows 
F4 = actual discharge/theoretical discharge for overbank flows, 
with the theoretical discharge computed using imaginary vertical 
walls at the channel floodplain interface, using skin friction 
only.
Fs = actual discharge/theoretical discharge for overbank flows, 
with the theoretical discharge computed by the Ervine and 
Ellis(1987) method, with a horizontal sub-division at bankfull 
level, and vertical sub-divisions at the edge of the meander belt 
width.

Because there is a range of other additional losses, apart 
from skin friction occurring in a meandering channel, the 
calculated value of discharge is always greater than the actual 
one, giving a ratio smaller than 1.0. Obviously in a
straight inbank case of an open-channel, the value of those

253



functions will be near 1.0. As the flow becomes more heavily 
meandering, values of these functions depart further from unity 
because of a range of additional energy losses other than skin 
friction. Functions F4 and Fs were determined for the following 
cases: trapezoidal and natural sections; sinuosity 1.37 and 2.04; 
smooth and fully roughened floodplain. In the calculation of the 
theoretical discharge only skin friction was considered. 
Fig(4.25) illustrates the way that the floodplain and the main 
channel areas were split during the application of the division 
wall method for both smooth and rough floodplains.

As well as data from the S.E.R.C. flume, Series B data, this 
analysis of flow conveyance through the non-dimensional functions 
F4 and Fs also includes: data from S.E.R.C. flume Series A(
straight and skew compound channels), whose geometric 
characteristics are listed in Table(4.3) and Table(4.4) as well 
as other experimental studies of meandering compound channels 
with smooth floodplains carried out worldwide, whose geometric 
characteristics are listed in Table(4.5).

4.5.2 Computational Method for Inbank Function Fi

In the computation of the theoretical discharge, used in 
function Fi the following assumptions were considered:
- The computation was performed at bend apex.
- The boundaries of the main channel were assumed smooth.
- The bed slope in the main channel was considered equal to the 
floodplain slope divided by the sinuosity.
- The turbulent resistance law for smooth boundaries applied in 
calculation of the loss of energy produced by skin friction was,

— - = 2.02 log( Re >|f) - 1.38 (4.5)
'if

where f is the Darcy-Weisbach friction factor and Re is the 
Reynolds number. Equation (4.5) was derived by Ackers(1991), from 
the results of the inbank case of a straight trapezoidal channel
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of S.E.R.C. flume Series A. Considering these assumptions, the 
following method was adopted in the calculation of function Fi:
- By using equations 4.2 and 4. 5 and through an iterative 
procedure, the friction factor, average velocity and discharge 
were calculated theoretically for a given stage.
- Function Fi was calculated by dividing the actual discharge by 
the theoretical discharge.

4.5.3. Computational Method for Overbank Function F4

As presented in Fig(4.25), function F4 was calculated at 
bend apex, for two different cases: in the first case, both main 
channel and floodplain were smooth; in the second case, the main 
channel was smooth and the floodplain was fully roughened. For 
smooth floodplain case, the procedure followed in the calculation 
of function F4 was:
- By applying imaginary vertical walls( Fig(4.25)), at the edge 
of the main channel, the complete cross-section was divided in 
three main areas: main channel area; right floodplain area; and 
left floodplain area.
- For calculation of the main channel discharge the following 
assumptions were used:
. The bed slope was equal to the floodplain slope divided by the 
sinuosity.

The friction factor applied was the one calculated by the
method used for function Fi at bankfull level.
. The wetted perimeter was the rigid boundary of the main channel
up to bankfull level.
. The total area included the main channel area at bankfull level 
and the part above bankfull and limited by the vertical imaginary 
walls.
- Considering the above assumptions, the main channel discharge 
was computed by applying equation 4.2.
- By using equations 4. 2 and 4.5 and applying an iterative 
procedure, the discharge of left floodplain for the smooth
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floodplain case was calculated.
- By using a similar procedure the discharge for smooth case of 
the right floodplain was calculated, as well.
- The total theoretical discharge was equal to the sum of the 
main channel, left floodplain and right floodplain discharges.

Dividing the actual discharge by the total theoretical 
discharge, function F4 was obtained for the smooth floodplain 
case.

In order to calculate the friction loss introduced by the 
rod roughness elements used in the floodplains of the Series B 
tests, the Author, based on experimental data, has determined an 
empirical expression relating the Darcy-Weisbach friction factor 
with Reynolds number. The experimental data was obtained from 
S.E.R.C. Series A with frames identical to the ones used in 
Series B. The empirical relationship obtained was

log f = -4.05 + 0.683 * log Re (4.6)

This equation was determined by the application of the least 
squares method, with the correlation coefficient equal to 0. 988, 
showing a very close level of agreement between the experimental 
and the calculated data. The experimental data and equation (4.6) 
are both plotted in Fig(4.12). Once the turbulent equation was 
found, function F4 for the fully roughened floodplain case was 
calculated in a similar way to the one described for the smooth 
case, the only difference being the application of equation 4. 6 
instead of equation 4.5.

Equation 4.6 represents the friction loss introduced by 25.0 
mm rods with a density of 12.0 per m2. Therefore it can not be 
used in any other circumstances. For general application, the 
Author recommends the equation devised by Ackers(1991) which 
determines the friction loss produced by any arrangement of rod 
elements.
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4.5.4. Computational Method for Overbank Function Fs

As shown in Fig(4.25), function Fs was also determined at 
bend apex for two cases namely the smooth and roughened 
floodplains. The method followed in the calculation of function 
Fs was different. For the smooth floodplain case, the steps were 
the following:
- By applying imaginary vertical walls( Fig(4.25)) at the limits 
of the meander belt width and an imaginary horizontal plane at 
bankfull level, the complete cross-section was divided in four 
main areas: main channel area below bankfull; floodplain area 
inside of the meander belt and above bankfull level; right 
floodplain area; and left floodplain area. In regular meanders, 
which is the case in this research, the right and the left 
floodplain areas are equal.
- The main channel discharge at bankfull level was calculated by 
the method described for function Fi.
- A special procedure was adopted for the calculation of the 
discharge inside of the meander belt width above bankfull level:

First, by considering only the meander belt area on the 
floodplains adjacent to the main channel and applying equations
4.2 and 4.5, the Darcy-Weisbach friction factor and the average 
velocity were calculated through an iterative procedure.

Second, based in equation 4.1, the value of Manning's n 
resistance coefficient was calculated.
- Third, at this stage an additional equation was used for the 
calculation of the Manning's n parameter as a weighted averaged 
value across the total area inside the meander belt width, 
including both floodplains and flow above the main channel,

segment having length P and roughness n . Equation (4.7) was

M

m= 1 (4. 7)n
P

where M is the number of segments across the section, the mth
m m

257



deduced by Pavlovskii(1931), Michhofer(1933) and Einstein and 
Banks(1950) assuming that the total force resisting the flow was 
equal to the sum of the forces developed in the vertical
subsections above the segments. In this particular case, some 
assumptions were considered in the calculation of the Manning's n 
as a composite roughness coefficient. P, the total perimeter, is 
the meander belt width less the main channel top width; the 
Manning's n of the main channel area above bankfull was assumed 
as zero; the only Manning's n considered in the calculation was 
the one determined for the floodplains within the meander belt 
region. The results applying Equation (4.7) is a composite 
Manning's 'n value for this region. The composite Manning's 'n
was used to calculate the discharge inside the meander belt
width.
- The discharge in each floodplain outside of the meander belt 
was calculated by a procedure similar to the one followed for 
function F4.
- The total theoretical discharge was equal to the sum of the 
main channel discharge below bankfull, plus the meander belt
discharge and plus the floodplain discharge outside of the 
meander belt.
- Function Fs was obtained by dividing the actual discharge by 
the theoretical discharge.

4.5.5. Parametric Analysis of Fi for Inbank Flows

A very brief analysis of inbank flow was carried out looking 
at the effect of cross-sectional shape ^  main channel, 
sinuosity, and comparison with other researchers.

It is clear that the amount the ratio Fi is less than unity, 
is a measure of the degree of additional energy losses in inbank 
meandering flow. These losses are primarily due to bend losses 
not included in skin friction.

The effects of cross-section geometry and sinuosity on the 
inbank function Fi plotted with depth ratio are shown in
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Fig(4.26), and Fig(4.27), for S.E.R.C. Series B data.
Fig(4.26) shows that for low depth ratios, the function Fi 

of the trapezoidal cross-section is almost 1.0 which means that 
the meandering channel behaves like a straight channel. As the 
stage rises, the secondary currents start to develop and function 
Fi diminishes. For instance, at depth ratio 0.8, 15% of losses of 
energy are produced probably by bend secondary currents. 
Comparing the effect of cross-section geometry, the same figure 
shows that, for low depth ratios, function Fi of the natural 
cross-section is greater than the one obtained for the
trapezoidal cross-section. This means that large losses of energy 
are occurring which are produced by the riffles and pools of the 
natural meandering channel. At depth ratio around 0.70, the 
function Fi suddenly increases towards 1.0. This is a function of 
the sudden change of geometry at the bend apex when the main
channel flow spreads on to a horizontal inner bend bar, when it
behaves almost like compound flow within the main channel. At
this point the hydraulic radius R is decreased, as its
theoretical discharge.

As a general rule it is seen in Fig (4.26) that bend losses 
increase with stage up to bankfull level. This is to be expected 
as previous studies have shown bend losses to increase with
Froude Number, which in this case increases up to bankfull level.

The effect of sinuosity is shown in Fig(4.27) for the case 
of sinuosities 1.37 and 2.04. As sinuosity rises from 1.37 to
2.04, the strength of secondary currents increases and energy
losses may increase by 20%, as shown in Fig(4.27).

The effect of sinuosity on inbank function Fi was also
determined for the small scale flumes of Kiely(1988) (sinuosity 
1.25) and Sooky(1967) (sinuosity 1.13). The results are plotted 
in Fig(4.28) and are not very conclusive. This may be due to 
scale effects, to small inaccuracies in the measurements of water 
levels or discharge as the main channel was so small, or may be
due to inaccurate estimates of friction factor for calculation of
the theoretical discharge.
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4.5.6. Parametric Analysis of F4 for Overbank Flows

The function F4 is for overbank flows and is based on a very 
simple vertical wall sub-division method. Again, the degree the 
function F4 lies below unity, is a measure of the additional 
losses in the system other than skin friction.

Fig(4.29) to Fig(4.32) show the variation of function F4 
with depth ratio for overbank case of S.E.R.C. data, Series B 
tests.

Fig(4.29) presents the effect of the cross-section geometry 
on the variation of the function F4 with the depth ratio. The 
study was done for sinuosity 1.37. It can be seen that the 
trapezoidal cross-section shows 10% lower values of function F4 
than the natural cross-section. This means additional energy 
losses produced by the trapezoidal cross-section compared with 
the natural cross section. This may be due to first, the smaller 
aspect ratio( ratio of top width of main channel divided by the 
bankfull depth) of the trapezoidal cross-section compared with 
the natural cross-section or it may be that the natural 
cross-section itself, as mentioned by Willetts(1990), tends to 
disturb the flow less than the trapezoidal cross-section.

Fig(4.30) shows the effect of floodplain roughness on the 
variation of function F4. The study was carried out for a 
meandering channel with sinuosity 1.37. It can be seen that by 
increasing the floodplain roughness dramatically, the function F4 
reduces only by 5%. In both cases function F4 increases with 
depth ratio. For depth ratio of 0. 5, 20% of total losses are
produced by additional energy losses, but at depth ratio 0.1, 35% 
of losses are due to something other than skin friction.

Fig(4.31) shows the effect of sinuosity on the function F4 
when the floodplain is smooth. It is evident that by increasing 
sinuosity from 1.37 to 2.04, the function F4 diminishes by about 
15%. This means that the loss of energy produced by additional 
losses increases with sinuosity. It is clear that for depth ratio 
0.1 at sinuosity 2.04, additional losses can make up 50% of the 
total, showing that bed friction is only one half of the total
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losses.
Fig(4.32) shows the effect of sinuosity on the function F4 

when the floodplain is roughened. On both sinuosities function F4 
increases with depth ratio. For instance, for the depth ratio 
equal 0.4, 80% of total losses are produced by skin friction and 
friction induced by the rods whereas at depth ratio 0. 1 this 
reduces to 50%-60%.

4.5.7. Parametric Analysis of Fs for Overbank Flows

The function Fs is based on a horizontal sub-division at 
bankfull level and vertical sub-division at the edge of the 
meander belt width.

Fig(4.33) to Fig(4.36) show the variation of function Fs 
with depth ratio for overbank case of S.E.R.C. data, Series B 
tests.

Fig(4.33) shows the effect of the cross-section geometry on 
the variation of the function Fs with the depth ratio. The study 
was carried out for sinuosity 1.37. It can be seen that function 
Fs is similar to F4 with the trapezoidal section producing 
greater energy losses apart from skin friction, as already
discovered.

Fig(4.34) shows the effect of floodplain roughness on the 
variation of function Fs. The study was carried out for a 
meandering channel with sinuosity 1.37. It can be seen that with 
increasing flow depth ratio, function Fs for the smooth case
reduces slightly, while the same function for the roughened
floodplain increases, reaching almost unity at higher flow depth 
ratio. This means that for a fully roughened floodplain case, for 
depth ratios greater than 0.4, the meandering compound channel 
behaves almost like a straight channel, with the skin friction 
losses and the losses induced by the rods producing 95% of total 
energy losses.

Comparing the F4 Function on Fig (4.32) and the Fs Function 
on Fig (4.34) for the same cases of sinuosity 1.37, and a
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roughened floodplain, also reveals that Fs is a much better 
measure, with its horizontal sub-division at bankfull level.

Fig(4.35) shows the effect of sinuosity in function Fs when 
the floodplain is smooth. The conclusions are similar to that 
already presented to the corresponding function F4, with the 
greater sinuosity producing a larger proportion of non-bed 
friction energy losses.

Fig(4.36) shows the effect of sinuosity with function Fs 
when the floodplain is roughened. Here function Fs tends to 
increase with depth ratio for both sinuosities. For higher stages 
both functions Fs approach the value 1.0. With the increase of 
sinuosity function Fs tends to increase slightly with depth ratio, 
but for depth ratios greater than 0.5, function Fs is not 
affected by sinuosity.

From the results of F4 and Fs presented so far it seems
that:
- Function F4 shows more sensitivity to the effect of geometry of 
the main channel cross-section with smooth floodplains than 
function Fs.
- Both functions present identical behaviour for the effect of 
sinuosity when the floodplains were smooth.

Function Fs represents better the flow behaviour for the 
roughened floodplain case than function F4.

4.5.8. Comparison with other Studies

Comparison of S.E.R.C. Series A( the skew and the straight 
compound channel), S.E.R.C. Series B( the meandering compound 
channel) and other world wide experimental studies on meandering 
compound channels was performed in terms of function F4 and Fs.

Fig(4.37) and Fig(4.38) show the comparison of the functions 
F4 and Fs for the straight and skewed compound channel of 
S.E.R.C. Series A with the meandering compound channel with 
sinuosity 1.37 of S.E.R.C. Series B. In all flumes the floodplain 
was smooth and the main channel cross-section was trapezoidal.
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Table(4.3) lists the geometric parameters of the Series A data 
used in this comparative study. Both figures show an increase in 
the functions F4 and Fs as the channel moves towards unity from 
meandering to skewed and to straight. Meandering channels have 
much more extensive non-friction energy losses. However the 
pattern of functions F4 and Fs of the straight and the skew 
compound channel is different. Fig(4.37) shows the function F4 of 
the straight and the skew compound channel increasing with the 
depth ratio, while Fig(4.38) reveals the opposite. It is clear 
therefore that the F4 function is much more appropriate for 
smooth floodplains than Fs. This is easily demonstrated in the 
case of the straight compound channel. As the depth ratio 
increases, the lateral shear stress that develops as the result 
of the gradient of velocities between the deeper main channel and 
the shallower floodplain should diminish. Therefore both 
functions should tend to value 1.0. However this happens only 
with function F4. we may conclude that F4 is suitable for smooth 
floodplain cases and Fs for rough floodplain cases.

Fig(4.39) and Fig(4.40) shows the effect of sinuosity on the 
variation of functions F4 and Fs with data obtained from U.S. Army 
Corps of Engineers in two meandering channels with smooth 
floodplains. Both figures reveal that as sinuosity increases from
1.2 to 1.57 may produce a reduction of 15% in both functions. 
This data should be treated with some caution because of 
uncertainty over the value of Manning's 'n' value with depth.

Five different sets of data, obtained from other 
experimental studies in compound channels, and in small flumes 
with a range of sinuosities varying between 1.0 and 2.0 and with 
smooth floodplains are plotted in Figs (4.41) and (4.42). 
Functions F4 and Fs were again calculated in relation to the 
depth ratio. These results are plotted, for function F4, in 
Fig(4.41) and for function Fs, in Fig(4.42). Again the 
significant reduction of function F4 and Fs with the increase of 
sinuosity is evident. For instance as sinuosity increases from
1.0 to 2.0, both functions reduce approximately 50% for higher 
depth ratios. Another interesting aspect of both figures is the
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way both functions behave with depth ratio. For instance function 
F4 shows that, for the skew and for the meander channels with 
sinuosities 1.13 and 1.25, F4 increases with the depth ratio. The 
same function for meandering channels with sinuosities 1.41 and
2.06 increases slightly until a depth ratio around 0.3 and then 
starts to reduce. On the other hand, function Fs shows that: for 
the skew channel it is almost constant with depth ratio, at least 
until a depth ratio around 0.3.

It should be noted that the data used in Figs(4.41) and 
(4.42) is for smaller scale model studies where the data of 
Kiely, Sooky and Jasem is for rectangular channels and that of 
Willetts for trapezoidal channels. In all cases the aspect ratio 
of the main channel is less than 3.5, which is a significant 
departure from the S.E.R.C. flume data with aspect ratios in the 
range 8 to 13.

The effect of sinuosity on the functions F4 and Fs for 
roughened floodplains is shown in Figs(4.43) and (4.44) comparing 
the skewed and straight compound channel of S.E.R.C. Series A 
with the meandering compound channel with sinuosity 1.37 of 
S.E.R.C. Series B. The results are plotted in Fig(4.43), for 
function F4 and in Fig(4.44), for function Fs. Functions F4 and 
Fs show a different behaviour for the straight and the skew 
cases. Function F4 for the straight and for the skew compound 
channel reduces with an increase in the depth ratio again showing 
F4 to be unsuitable for rough floodplains, while function Fs for 
the same cases is approximately 1.0. This confirms that function 
Fs represents the fully roughened floodplain cases much better 
than function F4.

Fig(4.45) is very interesting in the way it accurately 
predicts the discharge in the straight and 5.1° skew Series A 
channels. This is because these channels are dominated by rod 
friction and bed friction with lateral shear a small component. 
Hence the horizontal sub-division method used in Fs is most 
suitable.

In the Series B meandering data, the Fs Function is still 
very suitable, but this time, additional energy losses other than
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rod roughness and bed friction are apparent, with values up to 
30% of the total energy loss.

Figs(4.45) and (4.46) investigate the effect of the aspect 
ratio of the main channel, which is defined as being the ratio of
the top width of the main channel cross-section divided by the
bankfull depth. Here, the study of the effect of aspect ratio on 
the conveyance of meandering channels will be done for meanders 
with same sinuosity. Willetts and Hardwick(1990) hays carried out 
experiments in a small flume with meandering channels whose 
sinuosities were 1.41 and 2.06 which were almost identical to the
ones tested in S.E.R.C. Series B. The difference between Willetts
and Hardwick(1990) experimental data and data from S.E.R.C. 
Series B, smooth case was that the former were carried out at 
main channel aspect ratio 3.5 and the later at aspect ratio 8 to 
13. 6.

The effect of three aspect ratios in the variation of 
function F4 with depth ratio are presented in Fig(4.45), for 
sinuosity 1.37, and in Fig(4.46), for sinuosity 2.04 both with 
smooth floodplains. The same analysis for function Fs is shown in 
Fig(4.47) and Fig(4.48). In all cases the reduction in the aspect 
ratio from 3.5 to 13.6 produces a decrease in function F4 and Fs 
between 15%-20%. Therefore in meandering channels with same 
sinuosity, geometry and roughness will produce smaller 
non-friction energy losses as the aspect ratio increases. These 
additional energy losses are produced by secondary currents, 
expansion-contraction phenomena and lateral shear and are
therefore exaggerated in typical model studies with smaller 
aspect ratio. As the aspect ratio increases, the strength of
these flow mechanisms will tend to diminish and subsequently 
additional energy loss reduces.

4.5.9. Summary of the Parametric Analysis

The results of this chapter thus far indicated that 
conveyance of meandering compound flows is a complex phenomenon
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influenced by a range of parameters summarised below:
(i) The relative depth of flow (floodplain depth/main channel 
depth) obviously has an important influence on conveyance;.
(ii) The relative boundary roughness between main channel and 
floodplain is important.
(iii) The sinuosity of the main channel is very significant (this 
may also be characterised by the cross-over angle from one bend 
to the next).
(vi) The shape of the main channel (trapezoidal or natural) has 
an effect.
(v) The aspect ratio of the main channel (width/depth) has also 
proved to be significant.
(vi) The ratio of the meander belt width to the total width is 
also significant.

It is clear therefore that one possible approach in 
modelling the conveyance of such a complex system is by 
investigating the influence of each parameter above, and 

empirical best fit relationships in the manner of the
______  _._port for the Series A data. This approach is clearly
outwits the scope of this thesis, but a first step has been taken 
in this chapter.

As a further step along this path, the author has 
investigated sinuosity, main channel aspect ratio, as well as the 
meander belt width/total width ratio, and included further 
details below.

Sinuosity effect

This parametric analysis has already demonstrated that 
sinuosity considerably affects the conveyance of meandering 
channels. In order to emphasize the importance of this parameter, 
two new set of graphs were prepared which show the variation of 
functions F4 and Fs with sinuosity maintaining constant flow 
depth ratio. Fig(4.49) and Fig(4.50) show the effect of 
sinuosity on functions F4 and Fs, for the smooth floodplain case, 
and Figs(4.51) and (4.52) show the effect for the roughened

i mi •
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floodplain case. The data used in these plots was taken from 
S.E.R.C. Series A( the straight channel) and from S.E.R.C. Series 
B.

For smooth floodplains, the variation of sinuosity with 
function F4, with flow depth ratio (Dr)is shown in Fig(4.49). In 
the same test conditions, function Fs is presented in Fig(4.50). 
Both figures reveal that with increase of sinuosity from 1.0 to 
2.1, function F4 and function Fs decrease by above 40% for the 
depth ratio of 0.10. However, as the depth ratio increases, 
sinuosity has less effect on both functions. For instance, for 
depth ratio of 0.40, the reduction on both functions varies 
between 20%-30%).

For roughened floodplains, the variation of sinuosity with 
function F4, is shown in Fig(4.51). For the same test conditions, 
function Fs is presented in Fig(4.52). Fig(4.51) reveals that for 
depth ratio equal to 0.10, function F4 reduces with sinuosity as 
before for depth ratio greater than 0. 3 function F4 is 
practically not affected by sinuosity. Fig(4.52) shows that for 
low depth ratios, function Fs reduces with sinuosity but as the 
depth ratio increases, sinuosity affect less and less function 
Fs. For depth ratios greater than 0.4, function Fs is practically 
not affected by the sinuosity, reaching a value that is near 1.0.

Effect of Aspect Ratio

The variation of function F4 with the aspect ratio, is shown 
in Fig(4.53), for sinuosity 1.4 and smooth floodplains, in 
Fig(4.54), for sinuosity 2.0 with smooth floodplains. For the 
same test conditions, Fig(4.55) and Fig(4.56) show the variation 
of function Fs with aspect ratio for sinuosities 1.4 and 2.0, and 
again for smooth floodplains. In all four figures the pattern of 
the aspect ratio variation with function F4 or function Fs is 
similar although the graphs are somewhat tentative. An increase 
of aspect ratio is accompanied by an increase of both functions. 
However, the effect of the aspect ratio in both functions becomes 
more significant, as the depth ratio increases. For instance, for 
sinuosity 1.4, a variation of the aspect ratio between 3 and 15.0
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will produce an increase of 5-10% in function F4 for a depth 
ratio of 0.10, and an increase in the same function of 20%, for 
the depth ratio of 0.40. These graphs do illustrate that smaller 
scale model studies with low aspect ratio of the main channel 
exaggerate the energy losses that occur in real rivers with 
meandering compound flow.

Effect of the meander belt width

An other important parameter is the effect of the meander 
belt width( W ) to the total floodway width( W ) ratio. The ratiom t
Wm/Wt will reach a maximum value 1.0 when the floodplain walls 
are located at the edge of meander belt. In the S.E.R.C. flume 
Series B with smooth floodplains, two test runs were carried out. 
In the first test run the total width of channel was 10.0 metres 
and the meander belt width was 6.1 m for sinuosity 1.37 and 8.6 
m for sinuosity 2.04, giving ratios of Wm/Wt equal to 0.61 and 
0.86. In the second test run the floodplain walls were brought in 
to the edge of the meander belt width, giving a ratio of Wm/Wt 
equal to 1.0.

The analysis of the effect of the ratio Wm/Wt on the 
conveyance of meandering compound channels of the S.E.R.C. flume 
Series B was carried out using the variation of functions F4 and 
Fs with depth ratio. Only sinuosity 1.37 with natural 
cross-section is considered here, with results plotted in 
Fig(4.56a), for function F4 and in Fig(4.56b), for function Fs.

Fig(4.56a) shows that as the ratio Wm/Wt decreases from 1.0
to 0.6, there is additional loss of energy reaching a maximum of 
10%, at the depth ratio of 0.15, and becoming almost zero at 
depth ratio equal to 0.3. For a depth ratio greater than 0.3,
both functions F4 tend to the value 82%. This means that for 
depth ratios greater than 0. 3, the ratio Wm/Wt does not affect 
the additional loss of energy.

Fig(4.56b) shows again that as the ratio Wm/Wt decreases
from 1.0 to 0.6, an additional loss of energy occurs reaching a 
maximum of 10%, at the depth ratio of 15% and becoming almost
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zero at depth ratio equal to 0.3. This phenomenon indicates a 
degree of interaction between outer floodplain flow (Zone 3) and 
inner floodplain flow (Zone 2).

The analysis of the effect of the ratio W /W on the flowm t
conveyance of meandering compound channels was complemented with 
data provided by the U.S. Army Corps of Engineers Study (1956) 
which allows a study of both the smooth floodplain case and the 
fully roughened floodplain case. The geometric characteristics of 
the meandering compound channels of the U.S. Army Corps of 
Engineers Study (1956) used in this analysis were described in 
Section 4.3.1.

The results of the U.S. Army Corps of Engineers Study (1956) 
are plotted in Fig(4.56c) and Fig(4.56d), for sinuosity 1.33 with 
smooth floodplains and for Wm/Wt equal to 0. 33 and 0. 63, and in 
Fig(4.56e) and Fig(4.56d), for sinuosity 1.57 with fully 
roughened floodplains and for Wm/Wt equal to 0.5 and 0.9. All 
four graphs reveal that, as the ratio W /W reduces from 0.63 tom t
0. 33, functions F4 and Fs tend to increase slightly between

Comparing the findings of the smooth cases of the S.E.R.C. 
flume Series B with the U.S. Army Corps of Engineers Study 
(1956), it can be observed that they do not agree. These 
discrepancies could be caused by scale effects, different main 
channel aspect ratios or measurement errors. The most likely 
error might concern the computation of the resistance 
coefficients for the U.S.Army Corps of Engineers data, where only 
one Manning's n value was specified which could not be relevant 
to all the flow depths it was applied to. This means that the 
functions F4 and Fs values on Fig(4.56c) to Fig(4.56f) may not be 
accurate, because of inaccurate skin friction estimates.

Another possibility concerns the interaction between Zone 3 Cs«e pâ eand Zone 2 ^ loodplain flows which is related to the Wm/Wt ratio. 
At W m / W t = l  the interaction between Zones 2 and 3 is removed and 
hence conveyance can be increased. As W m/ W t  is reduced by moving 
floodplains further out, the Zone 2/Zone 3 interaction may reach 
a peak at a given Wm/Wt value and decrease thereafter.
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Fig(4.56c) shows also that for sinuosity 1.33 with smooth 
floodplains, for depth ratios greater 0.4, both functions F4 tend 
to the same value 82%, therefore becoming independent of the 
variation of the ration Wm/Wt, confirming the trend shown by the 
results of the S.E.R.C. flume.

Fig(4.56e) and Fig(4.56f) reveal that, for sinuosity 1.57 
with roughened floodplains, as the ratio Wm/Wt varies from 0.5 to
0.9, the additional energy loss increases.

4.6 SEPARATION OF MAIN CHANNEL LOSSES AND FLOODPLAIN ENERGY
LOSSES

The parametric analysis of the flow conveyance in meandering 
channels carried out through the functions F4 and Fs, from data 
obtained in S.E.R.C. flume Series B, has shown that in some cases 
the energy losses produced by boundary friction were as low as 
50% of the total energy loss. This emphasises the importance of 
the other energy losses that occur in meandering compound flows 
as noted by Ervine and Ellis(1987). They identified that besides 
skin friction, the following additional energy losses will occur 
in meandering compound flows:

Horizontal shear around bankfull level 
Secondary currents 
Flow expansion losses 
Flow Contraction losses 
Lateral shear

These may be termed as additional non-friction energy 
losses.

Based £.n the measurements of flow velocities, stream line 
angles and flow depths, performed in S.E.R.C. flume Series B, it 
was possible to separate the main channel discharge from the 
floodplain discharge in the meandering compound channel. Based in 
the knowledge of these separate discharges, a method was 
developed by the Author, which allows to separate the
additional non-friction energy losses that occur in the main
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channel from the additional non-friction losses that occur on the 
floodplain region. The additional loss of energy that occurs in 
the main channel was expressed in terms of function F4 or Fs in 
the following way:

Main Channel Theoretical — Main Channel Actual 
Function _ Discharge Discharge
F 4 or F 5 Total Theoretical Discharge

The additional loss of energy that occurs on the floodplain was 
expressed in terms of functions F4 or Fs in a similar way,

Floodplain Theoretical — Floodplain Actual 
Discharge Discharge

Function F4 or Fs - Total Theoretical Discharge

This method was applied at bend apex section of both meandering 
compound channels. The results obtained for sinuosity 1.37 and
2.04, for trapezoidal and natural sections and for smooth 
floodplains are presented in Fig(4.57) to Fig(4.59), for function 
F4, and in Fig(4.60) to Fig(4.62), for function Fs. In reading 
these graphs it is important to note that the area to the left of 
the graph (and up to the experimental data plotted points) 
represents the total bed friction losses. The area between the 
two curves on each graph represents non-friction energy losses in 
the main channel. The area to the right of both graphs represents 
the non-frictional energy losses on the floodplain. It should 
also be noted that the tentative nature of the right hand graph 
is due to detailed data being available at only 2 or 3 values of 
stage, namely 165 mm, 200 mm or 250mm.

All the graphs for the smooth floodplain case from Fig(4.57) 
to (4.62) reveal that the non friction energy losses in the main 
channel reduce with increasing flow depth ratio, while the 
opposite occurs with the non friction additional floodplain 
energy loss. The additional main channel energy losses, are 
essentially produced by the secondary currents and horizontal 
shear at bankfull level. Their role reduces with increasing flow
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depth ratio because the streamlines become more parallel to the 
longitudinal direction and the main channel has less and less 
effect. The non friction energy losses in the floodplain region 
become greater because the flow contraction phenomenon increases 
with flow depth, but also because for smooth floodplains there is 
increasing momentum transfer from the floodplain into the main 
channel.

The results obtained for sinuosity 1.37 and 2.0, for the 
natural section and for roughened floodplains are presented in 
Fig(4.63) and Fig(4.64), for function F4, and in Fig(4.65) and 
Fig(4.66), for function Fs. Here the pattern of the main channel 
and the floodplain additional energy losses is different compared 
to the smooth floodplain case. The non-friction floodplain energy 
losses reduce significantly with depth ratio, becoming almost 
zero for higher depth ratios. The non-friction main channel
energy losses on the other hand seem to remain almost constant 
with increasing depth ratio. A likely explanation of this kind of 
behaviour in the main channel is the transference of very high 
friction resistance produced by rod elements on the floodplain, 
into the main channel. The reduction of the additional energy
loss on the floodplain with increase of depth ratio is due to the 
fact that the lateral shear effect diminishes and the flow
resistance is fully dominated by the turbulence and by the eddies 
created by the rods.

4.7 CONCLUSIONS

An analysis of flow conveyance in meandering compound 
channels was carried out this Chapter 4. This involved primarily 
the data from S.E.R.C. flume Series B, but also the study 
included comparisons from S.E.R.C. flume Series A( the straight 
and the skew compound channel) and data from other flumes (
meandering channels with different sinuosities). The analysis was 
carried out in terms of:
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- Stage-Discharge Relationship
- Flow Resistance
- Boundary Shear Stress Distribution

A Parametric Analysis of Flow Conveyance in 
Meandering Compound Channels

- Separation of the Main Channel Energy Losses from 
Floodplain Energy Losses.

The main conclusions are as follows:

A) Stage-Discharge Curve

- In general, discharge reduces with the increasing sinuosity and 
increasing floodplain roughness, with vertical rod floodplain 
roughness causing the greatest degree of discharge reduction. For 
instance, an increase of sinuosity from 1.37 to 2.04 with smooth 
floodplains, reduces the discharge 23% at stage 200.00 mm. For 
the same stage and for sinuosity 1.37 and natural cross-section, 
produces a discharge reduction of 43% as the floodplain roughness 
changes from the smooth case to the fully roughened case.
- If the conveyance of two similar meandering compound channels 
with different main channel aspect ratios is compared, the one 
with larger aspect ratio will tend to convey more flow.
- Results obtained in the S.E.R.C. flume Series B confirms the(W''findings of Willetts and Hardwick i^that meandering compound 
channels with natural cross-section tend to convey more discharge 
per unit area than a similar meandering compound channel with the 
trapezoidal cross-section.
- In meandering compound channels, the role of the main channel 
in conveying discharge is less important than the case of 
straight compound channels where the important role of the main 
channel in delivering discharge persists for higher stages. This 
is a result of meandering compound flows being orientated more in 
the longitudinal floodplain direction, than in the streamwise 
main channel direction.
- The ratio of the width of the meander belt( Wm) to the total 
channel width( Wt) has only a small effect on flow conveyance of
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meandering compound channels with smooth floodplains.
- Any obstacle placed on the floodplain may reduce considerably 
the total conveyance of the meandering compound channel. In 
particular, the case of the transverse walled floodplain 
significantly constricted the conveyance of the meandering 
compound channel compared with a smooth floodplain case. For 
instance, at stage 250.0 mm, the reduction of discharge was 90%.

B) Flow Resistance

- Flow resistance was analysed in terms of the relationship of 
the Manning's n with stage, and the variation of the 
Darcy-Weisbach friction factor with the Reynolds number.
- For the overbank case as depth increases, Manning's 'n' tends 
towards a constant for smooth floodplain flow but increases 
significantly with stage for the fully roughened vertical rod 
floodplain case.
- Manning's n increases 25% as sinuosity increases from 1.37 to
2.04, for smooth floodplain case.
- The Darcy Weisbach friction factor tends to reduce for the 
smooth floodplain case and tends to increase almost linearly for 
the fully roughened floodplain case. The latter is a function of 
the use of vertical rods for roughening, producing an unrealistic 
increase in friction factor with depth.
- The Darcy-Weisbach friction factor (for smooth floodplain case) 
may rise 50% when the sinuosity of the meandering channel 
increases from 1.37 to 2.04.
- The relationship between the Darcy-Weisbach friction factor and 
the Reynolds Number was obtained for several kinds of obstacle ( 
partly roughened floodplain; floodplain width reduced; floodplain 
with bridge piers). These (f- IR)relationships usually lie between 
the smooth floodplain case and the fully roughened floodplain 
case.
- A significant difference in friction factor was identified 
between the fully roughened case and the partly roughened
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floodplain case where the floodplain was roughened within the 
limits of the meander belt, but smooth outside the meander belt 
width. The friction factors for the fully roughened floodplain 
case were proportionately larger than the partially roughened 
floodplain case.
- Based on data from the S.E.R.C. flume Series B and the U.S. 
Army Corps of Engineers( 1956), the effect of fully roughened 
floodplains on the flow resistance of the meandering compound 
channels was investigated. In the S.E.R.C. flume Series B, for a 
fully roughened floodplain case, the Darcy-Weisbach friction 
factor increases with an increase of Reynolds number, whereas in 
the U.S. Army Corps of Engineers( 1956), the opposite occurs. The 
different behaviour exhibited by two models can be explained by 
the different type of "roughness" applied to the floodplains. In 
the first case, vertical rod elements were applied, while in the 
second case a metal mesh was used on the floodplain bed which 
reproduces more faithfully grass, stones or any kind of low 
obstacle that becomes submerged on river floodplains.
- Contour levels of friction factors show the regions where the 
flow experienced more flow resistance than normal. For overbank 
flow this region is located near the right downstream bank of the 
cross-over section.

C) Boundary Shear Stress Distribution

- The boundary shear stress distribution in the main channel is 
significantly affected by stage and sinuosity.
- As the stage passes from inbank to overbank, the boundary shear 
stress in the main channel reduces considerably. This effect is 
exacerbated if sinuosity is increased. Therefore, as a result the 
main channel will lose capacity in carrying sediments in the 
streamwise direction. However, its capacity in transporting 
sediments in the transverse direction of the main channel (as 
will be shown in Chapter 5), substantially increased in 
comparison with the inbank case.
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- For the overbank case, the maximum values of boundary shear 
stress are located on right floodplain at the downstream end of 
the bend, near the cross-over section, where the flow on to the 
floodplain is accelerating. Therefore this is the region where 
scour will probably occur. For stage 200.0 mm with smooth 
floodplains, the peak of boundary shear stress can reach values 
between 1.5-2.0 times the value of the boundary shear stress that 
will occur in a straight channel.

D) Parametric analysis of conveyance in meandering compound 
channels

- By using non-dimensional functions Fi, for inbank flow, and F4 
and Fs, for overbank flow, a parametric analysis was initiated, 
and non-friction energy losses occurring in compound channels 
were quantified.
- The parametric analysis has shown that the following parameters 
affect the flow conveyance of meandering compound channels:

(i) The relative depth of flow (floodplain depth/main 
channel depth) obviously has an important influence on 
conveyance.

(ii) The relative boundary roughness ratio between main 
channel and floodplain is important.

(iii) The sinuosity of the main channel is very significant 
(this may also be characterised by the cross-over angle from one 
bend to the next).

(vi) The shape of the main channel (trapezoidal or natural) 
has an effect.

(v) The aspect ratio of the main channel (width/depth) has 
also proved to be significant.

(vi) The ratio of the meander belt width to the total width 
may also be significant especially for the case of fully 
roughened floodplains.

(vii) The ratio of the main channel top width to the total 
width of the channel is also an important parameter.
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- Considering the inbank case and for very low depths of the 
flow, the function Fi is practically 1.0, because the channel 
behaves like a straight channel. As the stage starts to increase, 
secondary flow develops, introducing additional losses to the 
flow, and function Fi becomes smaller by 12% for sinuosity 1.37 
and 23 % for sinuosity 2.04. This is due to bend losses.
- For the overbank case, functions F4 and Fs have shown that 
losses of energy produced by skin friction can be as low as 50% 
of total losses. The other additional losses were generated by 
the secondary currents, by flow expansion-contraction phenomena 
and by the lateral shear.

Functions F4 and Fs reveal very clearly the effects of 
sinuosity, floodplain roughness, cross-section shape, aspect 
ratio and meander belt width on the non-friction energy losses 
experienced in meandering compound flows.
- By increasing the main channel sinuosity from 1.37 to 2.04, 
function F4 reduces about 15%, for natural cross-section with 
smooth floodplains.
- The parametric analysis was extended for the straight, skewed 
and meandering compound channel with roughened floodplains has 
shown that, as the depth ratio increases, function Fs reaches 
almost the unity for the higher stages. This means that for 
higher stages the losses of energy are entirely produced by skin 
friction and friction induced by floodplain rods.
- As depth ratio increases, the function F4 for the straight and 
the skew compound channel with smooth floodplains tend to the 
unity.
- For smooth floodplains, the function F4 shows more sensitivity 
to the effect of the geometry of the cross-section than function
F s .

- Function Fs is a better indicator of roughened floodplain flows 
compared with F4 which is a better indicator for smooth 
floodplain flows.
- Aspect ratio significantly affects the conveyance of meandering 
compound channels with smooth floodplains. As the aspect ratio 
decreases the additional losses of energy produced by the flow
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expansion-contraction phenomena, secondary currents and flow 
separation will increase. This effect becomes more pronounced 
with the increase of the depth ratio.
- Simulation in a physical model of the loss of energy produced 
by meandering compound flow in nature, demands that the main 
channel aspect ratio should be kept the same as in nature. This 
means that distorted models with low aspect ratio of the main 
channel will exaggerate the loss of energy comparatively to that 
occur in actual rivers with meandering compound flows.
- The ratio of the meander belt width( Wm) to the total channel 
width( Wt) affects very slightly flow conveyance of meandering 
compound channels with smooth floodplains. For depth ratios 
greater than 0.3, there is practically no effect on conveyance. 
However in case of fully roughened floodplains the results from 
the U.S. Army Corps of Engineers Study (1956) have, shown that 
ratio Wm/Wt affects the flow conveyance and its effect increases 
with depth ratio, although this data is of dubious value.

E) Separation of the Main Channel Additional Losses from 
Floodplain Additional Losses in Meandering Compound Flows.

- The main channel additional energy losses were separated from 
the floodplain additional energy losses. This analysis was 
carried out only for the S.E.R.C. flume Series B data.
- For the smooth floodplain case, the additional main channel 
energy losses reduce with depth ratio, while the opposite occurs 
with the additional floodplain energy losses.

For the fully roughened floodplain case, the additional 
floodplain energy losses reduce with depth ratio, becoming 
practically zero for the higher flows, while the additional main 
channel energy losses tend to maintain approximately constant 
with depth ratio.
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Table(4.1)
Effect of Cross-Section, Sinuosity, and Floodplain Roughness

on The Conveyance of Meandering Channels. 
Comparison Made in Relation To The Meandering Channel

with Sinuosity 1.37, Natural Cross-Section
and Smooth Floodplains.

Data from The S.E.R.C. Flume Series B.
Stage Sinuosity Cross-Section Flood. %
mm Type Rough.
200 1. 37 Trap. smooth + 1. 5
250 1. 37 Trap. smooth +0. 5
300 1. 37 Trap. smooth -0. 05
200 1. 37 Nat. smooth 0. 0
250 1. 37 Nat. smooth 0. 0
300 1. 37 Nat. smooth 0. 0
200 1. 37 Nat. rough -43
250 1. 37 Nat. rough -58
300 1. 37 Nat. rough -65
200 2. 04 Nat. smooth -23
250 2. 04 Nat. smooth -19
300 2. 04 Nat. smooth -18
200 2. 04 Nat. rough -46
250 2. 04 Nat. rough -59
300 2. 04 Nat. rough -64
lign - means reduction while the sign + means increase.

279



Table(4.2)
Effect of Floodplain Roughness on The Conveyance 

of The Natural Meandering Channels 
Data from The S.E.R.C. Flume Series B.

Stage Sinuosity Floodp. Roughness %
min
250. 0 1. 37 Smooth 0. 0
250. 0 1. 37 Bridge Piers -13
250. 0 1. 37 Part. Rough. -28
250. 0 1. 37 Floodp. Width Red. -39
250. 0 1. 37 Fully Rough. -57
250. 0 2. 04 Smooth -19
250. 0 2. 04 Bridge Piers -28
250. 0 2. 04 Floodp. Width Red. -31
250. 0 2. 04 Fully Rough. -59
250. 0 2. 04 Walled -89
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Fig (4.1) - Stage-Discharge Curve. S.E.R.C. Series B: 
Inbank and Overbank Cases; Sinuosities 1.37 and 2.04; 
Trapezoidal and Natural Cross-Sections; Smooth and Fully 
Roughened Floodplain.
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Fig (4.2) - Effect of The Floodplain Roughness on The 
Stage-Discharge Curve. S.E.R.C. Series B: Sinuosity 1.37.
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Fig (4.3) - Effect of The Floodplain Roughness on The 
Stage-Discharge Curve. S.E.R.C. Series B. Sinuosity 2.04.

3 00 -1

r=1.37 NAT. ROUGH.

2 5 0 -

r= 2 .0  NAT. SMOOTH

r = 2 .0  NAT. ROUGH.200-
E
Ec

x  1 5 0 - -

BANKFULL DEPTH

r = 2 .0  NAT.Q_
L JO

100-

5 0 - r=1.37 TRAP.

0.01 0.012 0.014 0.016 0.018 0 .0 2  0 .0 2 2  0 .0 2 4  0 .0 2 6  0 .0 2 8  0 .0 3  0 .0 3 2  0 .0 3 4  0 .0 3 6  0 .0 3 8  0 .0 4

MANNING'S "n"
Fig (4.4) - Variation of Manning's n with Stage. S.E.R.C. 
Series B: Inbank and Overbank Cases; Sinuosities 1.37 and
2.04; Trapezoidal and Natural Cross-Sections; Smooth and 
Fully Roughened Floodplain.
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Fig (4.7b) - Variation of Darcy-Weisbach Friction Factor 
with Reynolds Number. S.E.R.C. Series B: Overbank Case; 
Sinuosities 1.37 and 2.04; Trapezoidal and Natural
Cross-Sections; Smooth Floodplain.
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Fig (4.8) - Effect of The Floodplain Roughness on 
Variation of Darcy-Weisbach Friction Factor with Reynolds 
Number. S.E.R.C. Series B: Sinuosity 1.37.
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Fig (4.9) - Effect of Floodplain Roughness on Variation of 
Darcy-Weisbach Friction Factor with Reynolds Number. 
S.E.R.C. Series B: Sinuosity 2.04.
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Fig (4.10) - Comparison of Friction Factors of The
Straight, The Skew and The Meandering Compound Channel. 
S.E.R.C. Series B: Trapezoidal Cross-Section and Smooth
Floodplains.
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Fig (4.11) - Comparison of Friction Factors of The 
Straight, The Skew and The Meandering Compound Channel. 
S.E.R.C. Series B: Natural and Trapezoidal Cross-Sections
and Fully Roughened Floodplains.
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Fig (4.12) - Comparison of Friction Factors of The
Inbank Case of The Straight Channel Fully Roughened with The 
Overbank Case of Meandering Channel with Fully Roughened 
Floodplain. S.E.R.C. Series A and B.
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Fig (4.13a) - Analysis of the Effect of the Ratio Meander 
Belt Width to the Total Channel Width on the Conveyance of 
Meandering Compound Channels. Data from the S.E.R.C. Flume 
Series B Sinusity 1.37, Natural Meandering Channel with 
Smooth Floodplains.
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Fig (4.13b) - Analysis of the Effect of the Ratio Meander 
Belt Width to the Total Channel Width on the Conveyance of 
Meandering Compound Channels. Data from U.S. Army Corps of 
Engineers( 1956).
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FRICTION FACTORS S.E.R.C. FLUME - SERIES BNATURAL SECTION STAGE : 140.00 mm INBANK FLOW
__I J _____

- 5.5

Flow Direction

020"''"'— -q 020 
.̂025 - 3.0

- 2.5

Fig (4.14) - Contour Levels of Friction Factors. S.E.R.C.
Series B: Sinuosity 1.37; Inbank. Case; Natural
Cross-Section; Stage 140.00 mm.
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0.5-
0 . 0 -  

0

Fig (4.15) - Contour Levels of Friction Factors. S.E.R.C.
Series B: Sinuosity 2.04; Inbank Case; Natural
Cross-Section; Stage 140.00 mm.

FRICTION FACTORS S.E.R.C. FLUME - SERIES B 
NATURAL SECTION STAGE : 165.00 mm SMOOTH CASE
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Fig (4.16) - Contour Levels of Friction Factors. S.E.R.C.
Series B: Sinuosity 1.37; Overbank Case; Natural
Cross-Section; Stage 165.00 mm; Smooth Floodplains.
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i:R[CT[01! PALTUHS L K K S  S.L.R.L ;thii:s B
NATURAL BLCTI0M STAGE 200.00 mm SMOOTH
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Fig (4.17) - Contour Levels of Friction Factors. 
Series B: Sinuosity 1.37; Overbank Case;
Cross-Section; Stage 200.00 mm; Smooth Floodplains.

FRICTION FACTORS S.E.R.C. - FLUME SERIES B NATURAL SECTION STAGE : 200.00 mm

Fig (4.18) - Contour Levels of Friction Factors.
Series B: Sinuosity 2.04; Overbank Case;
Cross-Section; Stage 200.00 mm; Smooth Floodplains.
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BOUNDARY SHEAR STRESSES IN N /m2 S.E.R.C. FLUME SERIES B
NATURAL SECTION STAGE : 140.00 mm INBANK FLOW

__J____6.0
5.5
5.0
4.5 Flow Direction
4.0
3.5
3.0
2.5
2.0
1.5
1.0

-0.50.5
0.0

Fig (4.19) - Contour Levels of Boundary Shear Stress. 
S.E.R.C. Series B: Sinuosity 1.37; Inbank Case; Natural 
Cross-Section; Stage 140.00 mm.

BOUNDARY SHEAR STRESS IN N/m2 S.E.R.C. FLUME SERIES B 
NATURAL SECTION STAGE : 140.00 mm INBANK FLOW
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1 . 0
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0.0 __r

Fig (4.20) - Contour Levels of Boundary Shear Stress.
S.E.R.C. Series B: Sinuosity 2.04; Inbank Case; Natural
Cross-Section; Stage 140.00 mm.
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BOUNDARY SHEAR STRESSES IN N/m2 S.E.R.C. FLUME SERIES B 
NATURAL SECTION STAGE : 165.00 mm SMOOTH CASE
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Fig (4.21) - Contour Levels of Boundary Shear Stress. 
S.E.R.C. Series B: Sinuosity 1.37; Overbank Case; Natural
Cross-Section; Stage 165.00 mm; Smooth Floodplains.

BOUNDARY SHEAR STRESS IN N/m2 S.E.R.C. FLUME SERIES B NATURAL SECTION 165.00 mm SMOOTH CASE

Fig (4.22) - Contour Levels of Boundary Shear Stress.
S.E.R.C. Series B: Sinuosity 2.04; Overbank Case; Natural
Cross-Section; Stage 165.00 mm; Smooth Floodplains.
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BOUNDARY SHEAR STRESSES IN N/m2 S.E.R.C. FLUME SERIES BNATURAL SECTION STAGE 200.00 mm SMOOTH CASE
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Fig (4.23) - Contour Levels of Boundary Shear Stress. 
S.E.R.C. Series B: Sinuosity 1.37; Overbank Case; Natural
Cross-Section; Stage 200.00 mm; Smooth Floodplains.

BOUNDARY SHEAR STRESS IN N/m2 S.E.R.C. FLUME SERIES B NATURAL SECTION STAGE 200.00 mm SMOOTH CASE

Fig (4.24) - Contour Levels of Boundary Shear Stress.
S.E.R.C. Series B: Sinuosity 2.04; Overbank Case; Natural
Cross-Section; Stage 200.00 mm; Smooth Floodplains.
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REDUCTION FACTOR FOR PLANFORM LOSSES 
SJEJR.C. FLUME SERES B IBANK CASE

COMPARISON OF CROSS SECTION
ONLY SKN FRICTION

0.9-
XI—
CLU
Q 60 NAT. SMOOTH

Ll.XZ
<
m
\
xi—

0 .7 -

O-----"

0.6-4
CLLdQ 60 TRAP. SMOOTI

0.4
0.6
FUNCTION F1 =  ACTUAL DISCHARGE/THEORETICAL DECHARGE

0.7 100.9
ACTUAL

Fig (4.26) - Variation of Function Fi with Depth Ratio. 
Comparison of Cross-Sections. S.E.R.C. Series B: Inbank
Case; Sinuosity 1.37; Natural and Trapezoidal Cross-Section.

REDUCTION FACTOR FOR PLANFORM LOSSES 
S.E.R.C. FLUME SERIES B INBANK CASE

COMPARISON OF SNUOSTES
0M.Y SKN FRICTIONt0-|

HO NAT. SMOOl

-a-
\
XI-

>0 NAT. SMOOTH

0 .5 -

0.4-
0 3  0 .7  0 3  0.9  10
FUNCTION F1 =  ACTUAL DECHARGE/THEORETICAL DISCHARGE

Fig (4.27) - Variation of Function Fi with Depth Ratio. 
Comparison of Sinuosities. S.E.R.C. Series B: Inbank Case;
Sinuosity 1.37 and 2.04; Natural Cross-Section.

REDUCTION FACTOR FOR PLANFORM LOSSES 
NBANK CASE OF SMALL SCALE MODELS

0M.Y SWN FRICTION
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&
Q  0 3 -

KELY RECT. r= t2 5

0.7-
<m
xi—

SOOKY ST. r= t1 30.6-
CLLdo

0.4
0.6 0.7 0.8 0.9 to
FUNCTION F1 =  ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.28) - Variation of Function Fi with Depth Ratio. 
Comparison Between Kiely*s and Toebes and Sooky 's Results.
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SILR.C. 60 DEGREES SMOOTH CHANNEL
COMPARISON OF CROSS SECTION

60 TRAP. SMOOTH

>TH60

0 .1 -

0.0
03 1 003 0.7 0 8

FUNCTION F4=*ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.29) - Variation of Function F4 with Depth Ratio. 
Comparison of Cross-Sections. S.E.R.C. Series B: Sinuosity
1.37; Natural and Trapezoidal Cross-Section; Smooth 
Floodplains.

S£R.C. 60 DEGREES MEANDER NATURAL CHANNEL
COMPARISON OF ROUGHNESSES

O  0 .4 -

5tr
T  0 J - 60 NAT.

NAT. SMOOTH
0 .1 -

0.0
0.7 0.9 1 0

FUNCTION F4 =  ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.30) - Variation of Function F4 with Depth Ratio. 
Comparison of Roughnesses. S.E.R.C. Series B: Sinuosity
1.37; Natural Cross-Section; Smooth and Fully Roughened 
Floodplains.
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SJLR.C. 60 AND 110 DEGREES MEANDER 
WITH SMOOTH FLOODPLAMS 
COMPARISON OF SNUOSmES

g  a4'  HO NAT. SMOOTH <  v
o :  \

E 0,3~ ^

ca­
ll SMOOTH

0 .1 -

0.0
t o09OB0.70 5 0 6

FUNCTION F4=»ACTUAL DBCHARGE/THEDRETTCAL DISCHARGE

Fig (4.31) - Variation of Function F4 with Depth Ratio. 
Comparison of Sinuosities. S.E.R.C. Series B: Sinuosity 1.37 
and 2.04; Natural Cross-Section; Smooth Floodplains.

S£R.C. 60 AND HO DEGREES MEANDER 
WITH ROUGHENED FUOODPLANS
COMPARISON OF SNUOSTTES

0 5 -

O  0 .4 -

10 NAT. ROUGH

60 NAT. ROUGH
0 .1 -

0.0
0.7 0.9 t o

FUNCTION F4=»ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.32) - Variation of Function F4 with Depth Ratio. 
Comparison of Sinuosities. S.E.R.C. Series B: Sinuosity 1.37 
and 2.04; Natural Cross-Section; Fully Roughened Floodplains.
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FUNCTION F5 = ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.33) - Variation of Function Fs with Depth Ratio. 
Comparison of Cross-Sections. S.E.R.C. Series B: Sinuosity
1.37; Natural and Trapezoidal Cross-Section; Smooth 
Floodplains.

S£fLC. 60 DEGREES MEANDER NATURAL CHANNEL
COMPARISON OF ROUGHNESSES0.6-1

60 NAT.

60 NAT. ROUGH.
0 .1 -

0.0
0.6 0.7 1 0

F5 =  ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.34) - Variation of Function Fs with Depth Ratio. 
Comparison of Roughnesses. S.E.R.C. Series B: Sinuosity
1.37; Natural Cross-Section; Smooth and Fully Roughened 
Floodplains.

301



SJERC. 60 AND TIO DEGREES MEANDER 
WITH SMOOTH FLOODPLAINS
COMPARBON OF SINUOSITIES0.6-

0 .5 -

O  0 .4 -  

or

e  °-3- 
&o  0.2-

m  0 0 NAT. SMOOTH

0.1-

0.0
0.6 0.7 10

FUNCTION F5 = ACTUAL DISCHARGE/TI-EDREnCAL DISCHARGE

Fig (4.35) - Variation of Function Fs with Depth Ratio. 
Comparison of Sinuosities. S.E.R.C. Series B: Sinuosity 1.37 
and 2.04; Natural Cross-Section; Smooth Floodplains.
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Fig (4.36) - Variation of Function Fs with Depth Ratio. 
Comparison of Sinuosities. S.E.R.C. Series B: Sinuosity 1.37 
and 2.04; Natural Cross-Section; Fully Roughened Floodplains
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SER.C. TRAPEZOIDAL SECTION SMOOTH CASE

COMPARISON OF STJUOSmES0.6-1
SERES A SKEW 5.1

0 5 -

0 .4 - SERES B TRAP. r=1.37o
trx
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0.1- SERES A TRAP. r= lO
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0.6 0.7 0.8 0.9 1 0

FUNCTION F4 =  ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.37) - Variation of Function F4 with Depth Ratio.
Comparison of Sinuosities. S.E.R.C. Series A and B. 
The Straight, The Skew and The Meandering Channel. Smooth 
Floodplains.
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FUNCTION F5 =  ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.38) - Variation of Function Fs with Depth Ratio. 
Comparison of Sinuosities. S.E.R.C. Series A and B. 
The Straight, The Skew and The Meandering Channel. Smooth 
Floodplains.
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COMPARBON OF SINUOSITIES 

U-S.A. CORPS OF ENGINEERS
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FUNCTION F4 =  ACTUAL DISCHARGE/THEORETICAL DISCHARGE

Fig (4.39) - Variation of Function F4 with Depth Ratio. 
Comparison of Sinuosities. Results from U.S.A. Corps of 
Engineers. Smooth Floodplains.
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Fig (4.40) - Variation of Function Fs with Depth Ratio. 
Comparison of Sinuosities. Results from U.S.A. Corps of 
Engineers. Smooth Floodplains.
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COMPARISON OF SINUOSITIES 

SMALL SCALE MODELS0.6-1 SOOKY RECT. r=L13
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Fig (4.41) - Variation of Function F4 with Depth Ratio. 
Comparison of Sinuosities. Results from Kiely, Sooky, 
Jasem and Willetts. Smooth Floodplains.
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Fig (4.42) - Variation of Function Fs with Depth Ratio. 
Comparison of Sinuosities. Results from Kiely, Sooky,
Jasem and Willetts. Smooth Floodplains.
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S£JLC- TRAPEZDDAL AND NATURAL SECTIONS WITH ROUGH FLOODPLANS

COMPARISON OF SNUOSITES

0.4-

SERES B NAT. r=l37 SERES A TRAP, r-t 3
02-

SERES A SKEW 5.10.1-

0.6 0.7 0l9 10
FUNCTION F4 - ACTUAL DSCHARGE/TFEDRETTCAL DISCHARGE

Fig (4.43) - Variation of Function F4 with Depth Ratio. 
Comparison of Sinuosities. S.E.R.C. Series A and B. 
The Straight, The Skew and The Meandering Compound Channel. 
Roughened Floodplains.
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Fig (4.44) - Variation of Function Fs with Depth Ratio. 
Comparison of Sinuosities. S.E.R.C. Series A and B. 
The Straight, The Skew and The Meandering Compound Channel. 
Roughened Floodplains.
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CONVEYANCE OF MEANDERING COMPOUND CHANNELS 
SNU0SUY14 SMOOTH FLOODPLANS

COMPARBON OF ASPECT RATIOS0.6-1
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Fig (4.45) - Variation of Function F4 with Depth Ratio. 
Comparison of Aspect Ratios. Results from S.E.R.C. Series B 
and from Willetts. Sinuosity 1.37. Smooth Floodplains.

CONVEYANCE OF MEANDERNG COMPOUND CHANNELS 
SNU0Sn"Y:Z04 SMOOTH FLOODPLANS 

COMPARBON OF ASPECT RATIOS

WILLETTS TRAP. A S R =35

0 5 -

O  0 .4 -

x  o-3-
SHR.C. NAT. ASR=13.6

0.1-

0.0
0.7 to0.60.4 0.9
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Fig (4.46) - Variation of Function F4 with Depth Ratio. 
Comparison of Aspect Ratios. Results from S.E.R.C. Series B 
and from Willets. Sinuosity 2.0. Smooth Floodplains.
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CONVEYANCE OF MEANDERING COMPOUND CHANNELS 
SlNUOSlTY:U SMOOTH FLOODPLAWS 
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Fig (4.47) - Variation of Function Fs with Depth Ratio. 
Comparison of Aspect Ratios. Results from S.E.R.C. Series B 
and from Willetts. Sinuosity 1.37. Smooth Floodplains.
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Fig (4.48) - Variation of Function Fs with Depth Ratio. 
Comparison of Aspect Ratios. Results from S.E.R.C. Series B 
and from Willetts. Sinuosity 2.0. Smooth Floodplains.
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ANALYSIS OF CONVEYANCE OF MEANDER COMPOUND CHANNELS 

NATURAL AND TRAPEZODAL CROSS SECTION AND SMOOTH FLOODPLAINS
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Fig (4.49) - Parametric Analysis of the Conveyance in 
Meandering Compound Channels. Variation of Function F4 with 
Sinuosity for Constant Values of Depth Ratio. S.E.R.C. 
Series A and B. Smooth Floodplains.
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Fig (4.50) - Parametric Analysis of the Conveyance in 
Meandering Compound Channels. Variation of Function Fs with 
Sinuosity, for Constant Values of Depth Ratio. S.E.R.C. 
Series A and B. Smooth Floodplains.
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ANALYSIS OF CONVEYANCE OF MEANDER COMPOUND CHANNELS 

NATURAL AND TR A P E 20D A L CROSS SECTION WITH ROUGH. FLOODPLAINS 
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Fig (4.51) - Parametric Analysis of the Conveyance in 
Meandering Compound Channels. Variation of Function F4 with 
Sinuosity, for Constant Values of Depth Ratio. S.E.R.C. 
Series A and B. Roughened Floodplains.
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Fig (4.52) - Parametric Analysis of the Conveyance in 
Meandering Compound Channels. Variation of Function Fs with 
Sinuosity, for Constant Values of Depth Ratio. S.E.R.C. 
Series A and B. Roughened Floodplains.
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UJo CONVEYANCE OF MEANDERING COMPOUND CHANNELS
ANALYSIS OF THE EFFECT OF ASPECT RATIO 
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CONVEYANCE OF MEANDERING COMPOUND CHANNELS
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Fig (4.56a) - Variation of Function F4 with the Ratio of 
the Meander Belt Width( W ) to the total Width of them
Channel( Wfc). Results from S.E.R.C. Series B. Sinuosity 1.37 
and Smooth Floodplains. Wm/Wt=1.0 and 0.6.
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Fig (4.56b) - Variation of Function Fs with the Ratio of 
the Meander Belt Width( W ) to the total Width of them
Channel( Wfc). Results from S.E.R.C. Series B. Sinuosity 1.37
and Smooth Floodplains. Wm/Wt=1.0 and 0.6.
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Fig (4.56c) - Variation of Function F4 with the Ratio of 
the Meander Belt Width( W ) to the total Width of the

m
Channel( Wfc). Results from U.S. Army Corps of Engineers ( 
1956). Sinuosity 1.33. Smooth Floodplains.
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Fig (4.56d) - Variation of Function Fs with the Ratio of 
the Meander Belt Width( W ) to the total Width of the

m
Channel( Wfc). Results from U.S. Army Corps of Engineers ( 
1956). Sinuosity 1.33. Smooth Floodplains.
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CONVEYANCE OF MEANDERING COMPOUND CHANNELS 

U.S.A. CORPS OF ENGINEERS SINUOSITY 1.57 ROUGHENED FLOODPLAIN CASE 
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Fig (4.56e) - Variation of Function F4 with the Ratio of 
the Meander Belt Width( W ) to the total Width of the

m

Channel( Wfc). Results from U.S. Army Corps of Engineers ( 
1956). Sinuosity 1.57. Fully Roughened Floodplains.
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Fig (4.56f) - Variation of Function Fs with the Ratio of
the Meander Belt Width( W ) to the total Width of them
Channel( Wfc). Results from U.S. Army Corps of Engineers (
1956). Sinuosity 1.57. Fully Roughened Floodplains.
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Fig (4.57) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function F̂  with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 1.37; Trapezoidal 
Cross-Section; Smooth Floodplains.
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Fig (4.58) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function F^ with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 1.37; Natural
Cross-Section; Smooth Floodplains.
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Fig (4.59) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function F4 with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 2.04; Natural
Cross-Section; Smooth Floodplains.
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Fig (4.60) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function Fs with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 1.37; Trapezoidal 
Cross-Section; Smooth Floodplains.
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Fig (4.61) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function Fs with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 1.37; Natural
Cross-Section; Smooth Floodplains.
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Fig (4.62) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function Fs with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 2.04; Natural
Cross-Section; Smooth Floodplains.
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Fig (4.63) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function F4 with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 1.37; Natural
Cross-Section; Roughened Floodplains.
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Fig (4.64) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function F4 with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 2.04; Natural
Cross-Section; Roughened Floodplains.
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Fig (4.65) - Separation of The Main Channel Energy Losses 
from Floodplain Energy Losses. Variation of Function Fs with 
Depth Ratio. S.E.R.C. Series B: Sinuosity 1.37; Natural
Cross-Section; Roughened Floodplains.
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CHAPTER 5

VELOCITY DISTRIBUTION AND FLOW STRUCTURES 
IN MEANDERING COMPOUND CHANNEL

5.1. INTRODUCTION

The purpose of this Chapter is simply to investigate the 
velocity distribution for meandering compound flows, both in the 
streamwise and transverse directions, for both inbank and 
overbank flows, and from these results to deduce, or infer, the 
most important features or flow mechanisms. This is essential 
before any realistic model of the flow can be formulated.

Previous studies carried out in small scale flumes have 
already identified the existence of significant flow structures 
and flow mechanisms in meandering compound flows which are not 
present in straight compound flows or inbank meandering flows. 
These findings can be summarised as follows:
- At a bend apex section, for overbank flow, the secondary cell 
is rotating in the opposite direction to that for an inbank case. 
This was pointed out by Toebes and Sooky(1967), Stein and 
Rouve(1989) and Kiely(1989).
- As the stage rises from the inbank case to the overbank case, 
the strength of the secondary currents increases significantly 
especially in the cross-over region. Ervine and Jasem(1992) 
mentioned that the strength of the secondary currents is defined 
as being the ratio of the transverse velocity to the streamwise 
velocity.
- The appearance in meandering compound flows of a kind of 
expansion-contraction phenomena( Ervine and Ellis(1987)). This is 
the result of floodplain flow approaching in the deeper main 
channel where the flow expands, and afterwards, when returning to 
the shallower floodplain, flow experiences contraction. This 
might be considered as an horizontal shearing in the main channel 
region, at the bankfull level, as referred to by Ervine and 
Ellis(1987) and Kiely(1990). As the essential flow direction
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above bankfull level is parallel with floodplain walls and below 
bankfull, flow tends to -follow the boundaries of the main 
channel, a skewed horizontal shearing at bankfull level will 
occur.

Smaller scale studies at Aberdeen (Willetts and Hardwick, 
1989) also revealed that downstream of the bend apex, and part of 
the way towards the bend exit, there is a large efflux of flow 
from the main channel and on to the floodplain.
- Rajaratnam and Ahmadi(1989) showed that the maximum velocity 
near the surface occurred just outside the limits of the 
meandering main channel, in the region of the inner bend.

5.2 VELOCITY DISTRIBUTION IN THE S.E.R.C. FLUME

5.2.1. Introduction

It has already been discussed in some detail in Chapter 2, 
Sections 3.3.4 and 3.3.5, that velocity measurements in the 
S.E.R.C. flume were carried out using a combination of miniature 
propeller, and vane with potentiometer for streamline angle 
measurement.

From the measurements of the resultant velocity ( Ur ) and 
the stream angle of the current ( © ) carried out in S.E.R.C.
flume Series B, the streamwise and the longitudinal velocity( U ) 
components were calculated through the equation,

U = Ur * Cos © (5.1)

and the transverse velocity by applying the following equation,

V = Ur * Sin © (5.2)

The velocity and angle measurements were conducted at the 
same grid points in the flow. Fig(5.1a) and Fig(5.1b) show the 
location of the eleven cross-sections and the vertical slice
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locations (inbank and overbank) for sinuosity 1.37 and cross-over 
angle 60°.

Fig(5.2a) and Fig(5.2b) show the location of the 
cross-sections and the vertical slice location (inbank and 
overbank) for the larger sinuosity 2.04 with cross-over angle 
110°.

Measurements on the floodplain outwith the detailed grid 
shown in Figs(5.la) and Figs(5.2a) were carried out on a 
rectangular grid pattern parallel to the walls of the flume 
(longitudinal direction) at intervals of 0.5 m.

5.2.2. Streamwise Velocities for Inbank Flows

The results of the streamwise component of velocity are 
plotted in Figs(5.3a) to (5.3k), for all eleven cross-sections of 
the meandering channel of S.E.R.C. Series B with sinuosity 1.37, 
for the trapezoidal cross-section for 100.0 mm water depth and 
for a discharge of 0.047 m3/s. Fig(5.3a) corresponds to Section
1, Fig(5.3b) to Section 2, and so on until Fig(5.3k) which
corresponds to Section 11. At the top of each page the
cross-section is shown with vertical slices for inbank 
trapezoidal flow. There are twelve slices per cross section named 
f to q, and each slice is presented with its data of streamwise 
velocity plotted with depth.

It is clear from Figs(5.3a) and (5.3k) that the velocity 
distribution is not evenly distributed cross the channel width. 
In Fig(5.3a) velocity is concentrated at the left inner bank 
where as in Fig(5.3k) velocity is concentrated at the right bank
which is at Section 11 and is the inner bank of the next bend.

It is also of interest to note that at the bend region
Sections 2, 3, 4, the inner bend produces velocities which are
greatly reduced nearer the free surface and hence not obeying any 
logarithmic distribution with depth. This distortion may be due 
to the strength of secondary cells in that region and/or flow 
separation at the inner bend.
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A summary of these eleven graphs is shown in Fig(5.4) which 
shows the variation of the depth averaged streamwise velocity 
along the meandering channel of S.E.R.C. Series B (sinuosity
1.37, trapezoidal cross-section and for stage 100.0 mm). It is 
clear that: along the bend( between sections 0 and 6), the
maximum value of the depth averaged velocity is gradually moving 
from the inner bank of bend to the centre of the cross-section. 
The maximum value of the depth averaged velocity, in the 
cross-over region, moves from the centre of the cross-section 
towards the outer bank. Since the flow is steady, in each 
cross-section, the total discharge in the streamwise direction 
should be the same. Therefore the movement of the maximum 
velocity from the inner bank of the main channel to the outer 
bank produces a net transverse discharge. This point will be 
detailed in section 5.2.3.

Exactly the same detailed measurements have been conducted 
at sinuosity 2.04 for the natural cross section geometry. The 
mass of data collected is too extensive for this thesis, so it 
was decided in the interests of brevity to present just one graph 
on Fig(5.5). This shows the contour levels of the streamwise 
component of velocity of the meandering channel of S.E.R.C. 
Series B with sinuosity 2.04 for the natural cross-section and 
stage 140.0 mm. The pattern of the streamwise component of 
velocity is similar to the previous one although the effect is 
not as pronounced.

It should be remembered that the apex of each bend in 
Fig(5.5) has a 'natural' cross section as shown in Fig(5.2b). 
This means that the inner part of the flow has the shallowest 
flow depth and the other part the deepest flow depth. This would 
tend to produce higher velocities nearer the outer bend at each 
apex.

This phenomenon, however, is counterbalanced by the free 
vortex phenomenon at bends Ur = constant which would produce much 
higher velocities at the inner bend as seen in Fig(5.4) for the 
trapezoidal case.

Thus Fig(5.5) is a product of these two phenomena, revealing
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at both bend apices there is no pronounced cross distribution of 
velocity.

However, where the cross-section becomes almost trapezoidal 
in the cross-over region there is a gross re-distribution of flow 
velocity, also partly caused by flow separation at the inner
bend, where the flow is concentrated along the right side of the 
channel. The line of the maximum velocity filament is shown
dashed.

5.2.3. Transverse Velocities for Inbank Flows

Returning again to sinuosity 1.37, and to the trapezoidal 
cross-sectional shape, wTe may now investigate the transverse 
(normal to main channel walls) velocity components for the case 
discussed in Section 5.2.2. with flow depth 100 mm and discharge 
0.047 m3/s.

The results are again presented for all eleven cross
sections, and for each cross section, twelve vertical slices, f
to q, are shown with transverse velocity data.

There are a few points to note:
(i) At Section 1 Fig(5.6a) still remains some anti clockwise 
secondary motion which is a remnant of a cell developed at the 
previous bend.
(ii) By Section 3 at the bend apex Fig(5.6c) this motion is 
eliminated and replaced by the conventional in-bank clockwise 
bend cell. This transverse velocity component can reach values in 
excess of 0.05 m/s, when compared to longitudinal velocities 
around 0.5 m/s (trapezoidal case) giving a ratio of the two 
values around 10% maximum. This was compared with theoretical 
estimates by Fares(1989), giving good agreement.
(iii) The bend cell continues with some strength and only begins 
significant decayi'flin the cross over region Sections 6 to 10, with 
just a remnant left at section 11 at the entrance to the next 
bend.
(iv) It will be noted that the transverse velocity components are
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not always symmetrical about the axis with equal flows to left 
and right. This is because the transverse discharge is not in 
balance over a half meander wavelength as measured in the 
S.E.R.C. flume. As already noted in Fig(5.4) there is a net 
transverse discharge from left to right in moving from Section 1 
to section 2. This means that the transverse velocities are
composed of two components; one for secondary cells and one for 
net transverse discharge( Goncharov(1957)).

5.2.4. Streamwise and Longitudinal Velocities for 
Overbank Flow

Again the great mass of velocity data collected for overbank 
flows in the S.E.R.C. flume means that the Author of this thesis 
has needed to be very selective, in just presenting a flavour of 
the results. The velocity data has been collected by Mrs 
Greenhill( 1989, 1990, 1991), in five volumes under the aegis of
Bristol University.

The results of the streamwise velocity for the meandering
compound flow of S.E.R.C. Series B are plotted in Fig(5.7), for 
sinuosity 1.37, for trapezoidal cross-section, stage 200.0 mm and 
smooth floodplains.

Fig(5.7a) and Fig(5.7b) again cover all eleven 
cross-sections, with each cross section containing velocity data 
for twenty-two vertical slices as shown. Each velocity data point 
is denoted by a small cross to the right of the vertical slice 
axis.

Some points can be noted from Fig(5.7a) and Fig(5.7b):
(i) In the main channel region the streamwise velocity profiles 
are highly distorted. For instance at section 1, in the region
between the bankfull level and the water surface, the streamwise
component of the velocity is significantly reduced from the 
conventional log distribution. Above bankfull level the velocity 
vectors do not flow parallel to the sidewalls of the main 
channel, but instead are deflected by floodplain flow and tend to
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run more parallel with the direction of the floodplain walls. It
will be noted in Fig(5.7a) Section 1, the large velocity
gradients near bank-full level which produce large turbulent 
shearing in that region as predicted by Ervine and Ellis(1987). 
Large velocity gradients and high turbulent shearing can also be 
observed at Sections 6,7, and 8 of Fig(5.7a) and Fig(5.7b), 
corresponding to the cross over region. It will be shown in secfcoM
5.3.2, that when overbank flow occurs in meandering compound 
channels, the floodplain flow on reaching the main channel 
region, tends to separate from the bank, creating strong
secondary currents and turbulent shearing. The abrupt changes in 
the gradients of the streamwise velocity profile observed in 
sections 5, 6 and 7 of Fig(5.7a) and Fig(5.7b), are in agreement
with the location of the surface where separation is occurring. 
As it is expected, flow separation will introduce significant 
energy losses in the meandering compound flow, reducing the total 
conveyance of the channel.
(ii) Fig(5.7a) and Fig(5.7b), also reveal that the streamwise 
velocity (parallel to the main channel walls) tends to reduce
between section 3(bend apex) and section 8( cross-over). This 
confirms the findings about the variation of the streamwise 
discharge in the main channel region, presented in Chapter 4. The 
flow in the main channel is steady but not uniform. There is a 
significant reduction of streamwise discharge between the bend 
apex section( maximum discharge) and the cross-over section No. 
8( minimum discharge). This is because of a net efflux discharge 
out of the main channel and on to the downstream floodplain, 
along this length.
(iii) In the floodplain region, the velocity profiles in the 
verticals located at the edge of the right bank of the cross-over 
region( section Nos. 6-11) reveal that the greater streamwise 
velocities are located near the bottom and the smaller velocities 
are near the water surface, as shown in Fig(5.7a) and Fig(5.7b). 
This points to the existence of a contraction phenomenon when the 
flow depth reduces considerably and the velocity accelerates. 
Outside this region, the profiles of streamwise velocity in the
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floodplain region tend to be practically log shape. This, in
fact, will be shown to be a very significant flow mechanism. Flow
in the main channel tends to leave the main channel and be
transported on to the floodplain downstream of each bend apex, 
around the region of the bend exit. This region corresponds to 
the region of maximum shear stress, as shown in Fig(4.23), for 
the case of the natural cross-section with the same test
conditions. Because of this net efflux, velocities of the cross 
over region are reduced. However, the fluid lost out of the main 
channel is now replaced by a net influx into the main channel 
before the next bend apex, in the region of the start of the next 
bend.

This overbank data is shown summarised in Fig(5.8), with the 
floodplain velocities excluded for clarity.

The depth averaged velocity in the main channel region for 
the meandering channel with sinuosity 1.37, stage 200.0 
trapezoidal cross-section and smooth floodplains is presented. 
This figure reveals that the behaviour of the maximum streamwise
velocity is similar to the inbank case but much less pronounced.
At the bend entrance, the maximum of the streamwise velocity is 
located near the inner bank and gradually it moves towards the 
centre of the section and finally, in the cross-over region to 
the outer bank of the main channel.

The depth averaged streamwise velocity in the main channel 
and in the floodplain regions, for the meandering channel with 
sinuosity 1.37, stage 250.0 mm, trapezoidal cross-section and 
smooth floodplains is shown in Fig(5.9). In the main channel 
region, the maximum streamwise velocity, at bend entrance is 
located at inner bank and moves gradually towards the outer bank 
along the length of the main channel. The same figure reveals 
also that the distribution of the streamwise velocity in the 
floodplain region, outside the area where the flow is
accelerating, is quite uniform. This is partly because of the
small scale of Fig(5.9) which conceals the fact that higher 
floodplain velocities exist near the inner bend, and also outwith 
the meander belt width near the flume side walls.
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Fig(5.10) takes one cross-section in the flow at the cross 
over region and shows in more detail the depth averaged 
longitudinal velocity on the floodplain and the depth averaged 
streamwise direction in the main channel. This is a significant 
graph as it shows a dip in velocity near the centre of the flume. 
This drawing shows also the mean velocity for an equivalent 
straight channel and equivalent straight floodplain. It can be 
seen immediately in Fig(5.10) the large difference between the 
straight equivalent and the actual compound meandering case.

The distribution of the streamwise velocity of S.E.R.C. 
Series B, for sinuosity 2.04 with smooth floodplains and natural 
cross-section is presented in Fig(5.11), for stage 165.00 mm and 
in Fig(5.12), for stage 200.0 mm. The floodplain velocities are 
omitted for stage 165.00 mm, the pattern of the location of the 
maximum velocity is similar to the patterns observed for the 
sinuosity 1.37 with significant streamwise velocity reduction at 
the cross-over region. Fig( 5.12) shows that the streamwise 
velocity, at cross-over section reduces by over 80% to one sixth 
of the streamwise velocity values observed at the bend apex. This 
shows that as sinuosity increases from 1.37 to the 2.04, the 
streamwise component velocity, at the cross-over section, will 
tend to diminish substantially. This is not surprising in the 
sense that longitudinal velocity components become more dominant.

It is useful also to compare the distribution of depth 
averaged velocity for different types of compound flow.

Fig(5.13a) shows the distribution of the longitudinal 
velocity obtained by Kiely(1989) for a straight parallel compound 
flow. This figure reveals that the maximum longitudinal 
velocities are always located in the main channel region; the 
presence of a strong lateral velocity gradient which increases 
significantly the floodplain velocity and produces strong lateral 
shear. The case of a skewed compound flow is shown in Fig(5.13b) 
from work on a 5.8° skew, done by Ervine and Jasem (1992). In 
this case the depth averaged velocity is still highest in the 
main channel, there is no shear layer on the right (converging) 
upstream floodplain and there is a significant shear layer on the
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left receiving floodplain. This is typical of a slightly skewed 
compound flow.

The case of a meandering compound flow is shown in 
Fig(5.13c) from this work revealing an entirely different
scenario with high velocities on the floodplain outwith the 
meander belt and lower velocities in the main channel.

As it will be demonstrated in Chapter 6, the streamwise 
velocities in the main channel will reduce when the floodplain 
roughness increases from the smooth case to the fully roughened 
case.

5.2.5. Transverse Velocities for Overbank Flow

The earliest experiments on the S.E.R.C. meander compound 
flume were very crude dye tests conducted by Dr. Ervine and
Professor Willetts. These consisted of injecting dye at various 
local points in the flow, and following the subsequent dye path, 
one of the findings is sketched in Fig(5.14a) where dye is 
injected into the floodplain flow at the edge of the main channel
at the cross-over region. When injected near the floodplain bed,
the dye can be swept down into an expanding swirl flow in the 
main channel. When injected a little further up, the dye can be 
transported with deviation to the opposite side of the main 
channel to the opposite floodplain. This means that oncoming 
floodplain flow can bifurcate.

Another key finding from the crude dye tests concerns dye 
injecting at almost any point near the bend apex as shown in 
Fig(5.14b). Dye injected at almost any depth or at any point on 
the apex cross-section appeared to end up on the floodplain 
opposite producing a great "slackness" in the flow in the shaded 
region. There was a substantial exflux out of the main channel 
along this length, roughly from Section 4 to Section 6.

Photographic evidence of the dye tests taken at bend apex 
and near the cross-over region for sinuosity 2.04 are shown in 
Fig(5.14c) and Fig(5.14d), for stage 200.0 mm, natural
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cross-section and smooth floodplains. The dye was injected at the 
bed level, near the outer bend( section 4), in the first case and 
near the cross-over ( section No 8), in the second case. Both 
graphs reveals that the flow streamlines in the main channel 
sections Nos. 4 and 8 tend to be longitudinal, that is parallel 
with the floodplain walls. Another important finding is that the 
main channel is supplying discharge to the receiving floodplain. 
As the result of this the discharge in the main channel should be 
dramatically reducing in downstream direction. These dye tests 
corroborate the Author's findings presentee! in Chapter 6 about 
discharge distribution in sinuosity 2.04 of S.E.R.C. flume Series 
B.

The dye tests performed in the meandering compound flows of 
sinuosities 1.37 and 2.04 of S.E.R.C. flume Series B evidenced 
that the two sinuosities will tend to develop different flow 
mechanisms.

The flow visualization was also performed through float 
photographs, which are presented in Fig(5.14e) and Fig(5.14f), 
for sinuosity 1.37, trapezoidal cross-section with smooth 
floodplains and for stage 200.0 mm and 250.0 mm, respectively. 
These figures evidence that, inside the meander belt, as the 
stage increases, the float deflection induced by the main channel 
meandering flow tend to diminish. Another important finding is 
that the floats, outside the meander belt, are parallel to the 
floodplain walls, as it is expected. These findings confirm the 
experimental results obtained by Goncharov(1957).

The dominant flow mechanism proved to be due to floodplain 
flow passing over the main channel flow below, especially in the 
cross over region. As it approaches the main channel it 
experiences an abrupt variation of water depth which creates 
along the side bank an adverse pressure gradient. This adverse 
pressure gradient leads to flow separation. The velocity profile 
is significantly changed with the appearance of strong 
circulating currents whose strength is much greater than the ones 
that occur in the bend region for the inbank case. The existence 
of these secondary currents has been reported by several
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researchers such as Toebes and Sooky(1967), Ervine and 
Ellis(1987), Stein and Rouve(1989), McKeogh and Kiely(1989); 
Schroder, Stein and Rouve(1991), and Sellin(1991).

Fig(5.15a) and Fig(5.15b) show the growth and the decay of 
the secondary currents in the main channel region of the 
meandering compound channel of S.E.R.C. Series B with sinuosity
1.37, for stage 200.0 mm, for the trapezoidal cross-section and 
for smooth floodplains.

It should be noted that Fig(5.15a) and Fig(5.15b) presents 
the transverse data components for all eleven cross-over sections 
and for the twenty two vertical slices at each cross-section. 
Transverse velocity is plotted as a cross, and the secondary 
cells and cross-flows are interpreted by the Author for each
cross section as well.

Between sections 1 and 3 and below bankfull, Fig(5.15a) 
reveals the appearance of a large anti-clockwise cell occupying 
the entire width of the section as well as a small clockwise cell 
in right low corner of the section. Between sections 1 and 3, the
strength of the large cell is decaying while the small cell is
increasing in size. The large cell is generated by the floodplain 
flow which separates from the bank along the previous (just 
upstream) cross-over region. At bend apex( section 3), the sense 
of rotation of the large cell is anti-clockwise, which is the 
opposite to that for inbank bend flows. This fact was also
reported by Toebes and Sooky(1967), McKeogh and Kiely(1989), 
Schroder, Stein and Rouve(1991). The presence of the small cell 
was also noticed by the above researchers. However the size of 
the small cell was greater in the rectangular cross-section of 
the meandering compound channel model of McKeogh and Kiely(1989), 
than in the trapezoidal cross-section of S.E.R.C. Series B. A 
possible explanation for this is probably due to the side slope 
of bank which influences the development of the cell.

Section 4 downstream of the bend apex has a peculiar 
transverse velocity distribution in the sense that the remnant of 
the bend cell is still there, but the whole flow is dominated by 
a strong cross-flow to the opposite floodplain. This corroborates
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the result of the crude dye tests noted above.
Downstream of section 4, Fig(5.15a) and Fig(5.15b) show

that, as the result of floodplain flow coming from the left bank 
and impinging in the main channel, a new clockwise cell starts to 
develop gradually increasing in width over Sections 5,6,7,8, and 
9. The old anti-clockwise cell, formed upstream of the bend apex, 
decays very rapidly. At section 6, the new clockwise cell is not 
yet fully developed and the old anti-clockwise cell has 
practically vanished. These sections 6-9 also show a strong 
cross-flow in the upper regions of the main channel.

At section No. 9 of the cross-over region, the large 
clockwise cell is fully developed, occupying the full width of 
the section, as shown in Fig(5.15b). The width( L ) of the large 
secondary cell is approximately 0.9 m, which is six times the 
bankfull depth( 0.15 m). This result agrees with the shear layer 
length L = 6 h, proposed by Lean and Wear (1979) for secondary
circulations at backward steps.

These observations bear out the observations from the crude 
dye tests noted above.

Fig(5.15a) and Fig(5.15b) also reveal that, at the bend 
apex( section 3) and in the cross-over regions, the recirculating 
velocities, can reach 25-30% of the streamwise velocity
component. These results show that the strength of the secondary 
currents for the overbank case is greater than the ones that
develop for the inbank case, where the recirculating velocities 
were only 5-10% of the streamwise component of velocity. For an 
overbank case of a meandering channel with rectangular
cross-section, Kiely(1989) has obtained magnitudes, for the
strength of secondary circulation, in the order of 30% of the
streamwise velocity. Kiely*s tests were performed in a meandering 
channel with sinuosity 1.25, with a rectangular main channel 
cross-section and smooth floodplains. Kiely's findings lead to 
the conclusion that a rectangular cross-section increases the
strength of secondary currents in comparison with trapezoidal
cross-section. In the rectangular cross-section, the depth 
variation between the shallower floodplain and the deeper main
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channel, is much more abrupt compared with the trapezoidal 
cross-section. Consequently the separation phenomenon produced by 
the floodplain flow when it impinges in the main channel will be 
exacerbated with a rectangular cross-section in comparison with 
the trapezoidal cross-section.

It should also be noted that the aspect ratio of Kiely* s 
main channel was around 4, compared to 8 in the S.E.R.C. flume, 
giving a further reason for differences in recirculating 
velocity.

In any case it is becoming clear that meandering compound 
flows possess very strong transverse velocities and secondary 
currents both in the cross-over region and at the bend apex 
region. The magnitudes of these secondary cells is around 25-30% 
of streamwise velocity and therefore several times greater than 
equivalent inbank flows.

As demonstrated in Chapter 4, secondary currents that grow 
and decay in the main channel region, introduce significant 
energy losses to the flow, reducing the overall conveyance of the 
meandering compound channel. Fig(5.15b) shows that the secondary 
cells become fully developed downstream of the middle section of 
the cross-over region. Therefore it is in this area of the 
cross-over that a substantial part of energy losses should occur.

5.2.6. Further Analysis of Secondary Currents in 
Meandering Compound Flow

The results presented in Fig(5.15a) and Fig(5.15b) were for 
only one geometry tested in the S.E.R.C. flume. Space does not 
permit a full presentation of all transverse velocities for all 
geometries and flow depths.

It will be appreciated that the S.E.R.C. flume data covered:
. two sinuosities 1.37 and 2.04 
. two floodplain roughnesses (smooth and rough)
. two main channel cross-sectional shapes, trapezoidal 
and natural, at least for sinuosity 1.37.
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. one or two inbank flow depths 100 mm/140 mm

. up to three overbank flow depths 165 mm, 200 mm, and
250 mm

As well as the basic geometries listed above, transverse 
velocities were measured over an intricate grid for half a 
meander wave length, including all the cross-sections and over 
twenty vertical slices per cross section.

In the interests of brevity we will consider only the bend 
apex cross-section in this analysis. This was chosen because the
data at that cross-section was also extensively measured by LDV
techniques and also because there are no transverse currents due 
to floodplain flow passing over the main channel below, as in the 
cross-over regions.

The strength of secondary currents is usually presented as 
being the ratio of the transverse velocity(V) divided by the 
longitudinal velocity(U). The value of the strength is not only 
affected by geometry of the cross-section but also by main 
channel sinuosity, main channel aspect ratio, the relative flow 
depth and by floodplain roughness. Tables 5.1 to 5.3 present the 
value of maximum strength of the secondary cells, |V/d| ,m a x
calculated as an absolute value at the bend apex section, for all 
test cases of S.E.R.C. Series B. In the trapezoidal cross-section 
the maximum values of the strength were located in the middle 
part of the section, while in the natural cross-section, they 
were found in the deepest part of the section, thus near the
outer bank of the bend. The data is also structured in Fig(5.16a) 
and (5.16b). The following conclusions can be drawn from the 
Tables and graphs:
- For the inbank case, both natural cross-sections exhibit a
value of maximum strength of secondary circulation that is
greater than the one for the trapezoidal cross-section.
- As stage rises from the inbank case to the overbank case, in 
all cases, the maximum strength of secondary cells increases 
substantially especially in the trapezoidal case. However, as the 
overbank stage continues to rise the trend generally is to
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diminish the maximum strength.
- Comparing the fully roughened cases with the smooth case, the 
maximum strength, itself, seems to be almost the same at least 
for sinuosity 1.37. For sinuosity 2.04 the roughened case 
produces greater relative strength of secondary cells. It is 
important to note that, when the floodplain is fully roughened, 
both the resultant velocity and the stream angle diminish in 
comparison with the smooth floodplain case.
- As sinuosity changes from 1.37 to 2.04, the maximum strength of 
the secondary currents tends to increase, both for the smooth 
floodplain case and for the fully roughened floodplain case.

Further confirmation of the differences between inbank and 
overbank flows are shown in Fig(5.17) for the bend apex section 
and Fig(5.18) for the cross-over region. Both figures pertain to 
the 1.37 sinuosity, smooth floodplains and trapezoidal 
cross-section of main channel.

Fig(5.17) compares the cases of inbank flow (depth 100 mm) 
and overbank flow (depth 200 mm). The magnitude of transverse 
velocities are clearly shown as it is the interpretation of 
secondary cell behaviour. Please note the very different velocity 
scales based on 0.03m/s per centimetre for inbank and 0.lm/s per 
centimetre for overbank.

For overbank flow the cell is clockwise with strengths 
around 5-10%, whereas for overbank the cell is anti-clockwise 
with strength around 20-30%. In the latter case the direction of 
this cell is solely due to floodplain flow shearing over the main 
channel flow at the previous cross-over region.

Fig(5.18) compares the same inbank and overbank flow regimes 
at the cross-over region between bends. It is important to note 
this time the large difference in velocity scales between the two 
diagrams, being 0. 03 m/s for inbank flows and 0. 5 m/s overbank 
flows, a difference of over sixteen times.

In this case the direction of the cells is the same, in both 
cases both the flow mechanisms are different. For the inbank case 
the cell is due to the previous bend and shows a relative 
strength almost as great as the bend apex. For the overbank case

337



the cell is below bankfull and driven by floodplain flow shearing 
over flow in the main channel below. Considering only 
recirculating transverse velocities below bankfull level, the 
relative strength can reach 30-35%, about 5 times greater than 
the inbank case.

5.2.7. A Summary of Flow Mechanisms and Implications for 
Sediment Transport

Fig(5.19) represents an attempt to include many of the flow 
mechanisms, already discussed, on one diagram of meandering 
compound flow. Fig(5.19) shows:

- The expanding cell in the main channel region driven by 
cross-over floodplain flow.

- Cell rotation at bend and decay beyond bend.
- Efflux of main channel flow on to the floodplain beyond 

the bend apex and at the outer bend.
- High velocity distribution at inner bend and on floodplain 

outside meander belt width.
- Deviation of floodplain streamlines on crossing over main 

channel.
'Slack' region beyond each bend where old cell is 

decaying, plus new cell is beginning.
The effect of all these flow mechanisms may be significant 

for sediment transport and river channel morphology. This may be 
true for natural rivers with occasional overbank flow, and will 
certainly be true for artificially designed two-stage channels.

The appearance of secondary currents in meandering compound 
flows will induce also an increase of levels of turbulence, 
mainly in the cross-over region where the large cells are fully 
developed. Experimental results( not yet published), obtained by 
M. Schoreer, from the Institute of Hydraulic Engineering and 
Water Resources Development(IWW) from Aachen, University of 
Technology( Germany), haveshown that the Reynolds shear stresses 
are greater in the cross-over region, where the cells are fully
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developed, and smaller near the bend apex, where the secondary 
circulation changes its sense of rotation. In rivers, the 
transport of suspended load is highly dependent on turbulence. It 
is expected that, as turbulence increases, the transport of 
suspended load should increases as well. Probably the transport 
will be from the main channel to the floodplain part of sediment 
will tend to deposit on the floodplain where the levels of 
turbulence may be lower than in the main channel.

The pattern of scour and deposition in meandering compound 
channels will be greatly affected by these secondary 
circulations. As the stage rises from an inbank case to an 
overbank case, the strength of the secondary currents increases 
considerably, and the boundary shear stress in the transverse 
direction will also become significantly greater. Based in the 
profiles of transverse velocities, obtained in S.E.R.C. Series B, 
for the meandering channel with sinuosity 1.37, the main channel 
with trapezoidal cross-section and smooth floodplains, it is 
possible qualitatively to make a rough prediction of the pattern 
of scour and deposition that will occur in this meandering 
compound channel. This is sketched on Fig(5.20).

Between sections 3 and 6 downstream of bend apex:
- This is a transition zone where the old anti-clockwise cell is 
decaying and the new clockwise cell will start to develop.
- In the main channel region, scour will move from the inner bank 
to the outer bank, while the region of deposition will change 
from the outer bank to the inner bank.
- In the floodplain region, scour may start to occur near the 
outer bank in the region of significant efflux out of the main 
channel where very high boundary shear stresses have been 
measured. This is shown in Fig(5.20).

Between sections 6 and 11( cross-over region):
- The strength of the secondary circulation reaches its maximum 
in the cross-over region.
- In the main channel, scour may occur along the downstream bank
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and deposition along the upstream bank.
- In the floodplain, deep scour will occur along the outer 
(downstream) bank. In this region boundary shear stress 
measurements in S.E.R.C. Series B, as presented in Chapter 4, 
reached very high values.
- Boundary shear stress measurements are reduced in the main 
channel during overbank flow, at least in the streamwise 
direction. Transverse shear stress is however likely to be 
greater during overbank flow as is the level of turbulence. This 
will lead to more transverse sediment movements and more sediment 
held in suspension.

The general pattern will be scour at the outer bends 
(downstream) of the cross over region and deposition at the inner 
cross over region leading to longer term meander migration 
downstream. This pattern of scour and deposition will need time 
to develop. In natural river meanders that seldom are in flood, 
this pattern of scour and deposition probably does not have 
sufficient time to develop. However in the case of two-stage 
meandering channels, where overbank flows could often occur, this 
pattern may have time to be fully developed.

A detailed experimental investigation of sediment transport 
in meandering compound flows is expected to be carried out in the 
third phase of S.E.R.C. Project, which will be entitled Series C.

5.3 VELOCITY DISTRIBUTION AND FLOW STRUCTURES IN THE GLASGOW 
FLUME.

5.3.1. Introduction

Details of the design and philosophy of the Glasgow flume 
are given in Chapter 3, section 3.7. A plan view sketch is given 
again in Fig(5.21) to serve as a reminder of the unique features 
of this flume, which is really two flumes in one. The ratio of 
the main channel discharge to floodplain discharge can be set at 
any ratio from zero to infinity, and the flume is much more
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flexible in changing geometry, than the S.E.R.C. flume, 
Walllingford.

Unfortunately, time constraints did not permit detailed bend 
and floodplain measurements over a wide range of flow depths, 
bend radii, cross over angles, bend apex cross-sectional shapes, 
floodplain roughness and ratios of main channel to floodplain 
flows. This type of programme would require at least three years 
full-time work which was not available in this case because of 
work at Wallingford.

It was decided therefore in this section to provide detailed 
measurements of bend and floodplain behaviour for a specific case 
of great practical interest. That is, with main channel flow at a 
depth above bankfull, but with zero floodplain flow. In this case
the water on the floodplain is essentially stationary, and
represents a situation which often occurs in nature, where 
co-flowing main channel and floodplain flows do not occur because 
the geometry of the river valley or obstruction prevents 
floodplain water from moving.

The other reason for presenting this case in detail is the 
behaviour of bends during overbank flow, but with zero velocity 
in the floodplain flow. It has been noted in Section 5.2. that 
the bend cell changes rotation during overbank flow because of 
floodplain flow passing over the main channel flow in the
upstream cross over region. This is not the case with stationary 
floodplain water, so there is considerable interest in the
strength and direction of bend secondary cells in this case.

5.3.2. Flow Resistance Coefficients for the Glasgow Flume

As a precursor to measurements of velocity, streamline 
angles and water surface slopes, it was necessary first to 
determine the basic flow resistance characteristics of both parts 
of the Glasgow flume.

This was carried out first for inbank flow in the main 
channel with the bend in terms of stage-discharge as plotted in
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Fig(5.22). Only five points on the curve have been determined, 
and difficulty was experienced in obtaining uniform flow in a 
channel with a bend.

The same procedure was carried out for flow along the 
floodplain only with the main channel completely closed off. This 
represents bed friction on the flood plain but also floodplain 
flow passing over the main channel bend. The stage-discharge 
curve for this scenario is shown in Fig(5.23).

The resistance coefficients were determined for both cases 
outlined above, in terms of variation of Manning's 'n' value with 
depth, but also in terms of the variation of the Darcy-Weisbach 
friction factor with Reynolds Number.

Fig(5.24a) shows the variation of Manning's 'n' with depth 
for the inbank flow in the main channel. In general the Manning's n 
coefficient is approximately constant( 0.010) with depth.

Fig(5.24b) shows the variation of Manning's 'n' with depth 
for flow on the floodplain only and it was compared with S.E.R.C. 
Series B, the meandering case with sinuosity 1.37 with 
trapezoidal cross-section and smooth floodplains. The Manning's 
of Glasgow flume increases with depth ratio and is smaller than 
the S.E.R.C. Series B values.

Fig(5.25) shows the variation of Darcy-Weisbach friction 
factor with Reynolds Number for the case in Fig(5.24b) with 
floodplain only. The Darcy-Weisbach friction factor reduces with 
Reynolds number and tend to values obtained in S.E.R.C. Series B.

5.3.3. Velocity Measurements in the Glasgow Flume

The detailed measurements described below are for an 
experiment carried out for a discharge in the main channel 0. 0175 
m /s with uniform depth of 88 mm and no floodplain discharge. The 
bankfull level is 67 mm, so this is an overbank flow condition. 
These test conditions simulate an overbank case of a meandering 
channel, and although the floodplains are inundated, the 
floodplain discharge is zero simulating the presence of an
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infinite roughness( eg. trees, transverse walls, etc).
The velocity was measured in the streamwise direction 

through a Pitot static tube connected to a very sensitive 
pressure transducer. The stream angles of the current were taken 
by a vane linked to a potentiometer. The manner of testing was 
the same as the S.E.R.C. flume study. The water depths were taken 
by pointer gauge. Therefore the velocity readings obtained from 
the Pitot static tube gave directly the streamwise velocity 
component(U). The transverse velocity(V) component was obtained 
by applying the following expression:

V = U Tan © (5.3)
where © is the stream angle in relation to the streamwise 
direction. Velocity and angle measurements were taken in a depth 
range, varying between 10.0 mm and 72 mm, from the main channel 
bottom .

Measurements were taken over the five cross sections shown 
in Fig(5.2>) and for each cross section, measurements were taken 
over ten vertical slices as shown in Fig(5.26).

5.3.4. Streamwise Velocity Components

The results of the streamwise velocity in each vertical and 
in each section of Glasgow flume are plotted in Fig(5.26), for an 
uniform depth equal to 88.0 mm and a main channel discharge 
equals to 0.0175 m /s. The profile of the streamwise velocity is 
not affected by the flow above bankfull( depth) 65.0 mm). The 
distribution of velocity in each vertical seems to be reasonably 
uniform although distortions in the vertical velocity profile 
begin to appear at section 0° (slices 1 and 2), section +20° 
(slices 1 to 5) and at section +45° (slices 1 to 7). These 
distortions appear in the upper reaches of the flow and indicate 
very clearly turbulent shearing and momentum transfer, either on 
to the adjacent floodplain or to the opposite side of the main 
channel.

The fact that this phenomenon occurs in the upper reaches of
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the flow, suggests the cause to be an interaction between main 
channel and floodplain, rather than flow separation at the inner 
bend (in plan view) which would have caused velocity profile 
distortion over the full flow depth.

The depth averaged velocity in the streamwise direction is 
shown in Fig(5.27). At the entrance of the bend, the maximum 
depth averaged velocity is located near the inner bank and 
gradually moves towards the outer bank. At bend exit the maximum 
depth averaged velocity is already located near the outer bank of 
the bend. It is interesting to compare Fig(5.27) with Fig(5.8) 
for the S.E.R.C. flume behaviour at the same relative flow depth 
of 0.25. The lateral transfer of the highest velocity filament 
from inner to outer takes much longer in the S.E.R.C. flume. In 
fact it takes until the entrance to the subsequent bend. The 
behaviour in Fig (5.27) on the other hand is much similar to 
inbank flow characteristics.

5.3.5. Transverse Velocity Components

The transverse velocity for each cross section and vertical 
slice of the Glasgow flume are presented in Fig(5.28). The test 
conditions were the same as those defined for the streamwise 
velocity component above. Fig(5.28) shows that at bend entrance, 
a clockwise secondary cell just starts to develop.

The following points can be noted from Fig(5.28):
(i) Transverse velocity components and secondary cell strength 
reach a maximum just downstream of the bend apex at section +20°.
(ii) The maximum ratio of transverse to streamwise velocity is 
around 20-30% which is similar to the S.E.R.C. flume data for 
overbank flow, although the sense of rotation of the secondary 
cell at the bend is opposite in these two cases. Rough 
measurements of the secondary cell strength for inbank flows in 
the Glasgow flume give values around 15% which is 1.5 times 
inbank case of S.E.R.C. Series B. The strength of secondaryfcVvl «VCkTvO
currents of a flow around a bend increases as flow v'depth- itmh

344



.r\ocKû  ojj. l?4(vtc{ h/r increases. In Glasgow flume this ratio 
was 6.7% whereas in S.E.R.C. Series B it was 5.5%.
(iii) The major finding from Fig(5.28) is that, in all bend 
region, the cell maintains the same sense of rotation( clockwise) 
as conventional inbank flows. In the S.E.R.C. flume Series B, for 
the overbank cases, the secondary cell at bend apex changed its 
sense of rotation completely.

Although the floodplains are inundated, the secondary cell 
that appears at bend apex section of Glasgow flume is rotating 
exactly in the same way as a typical clockwise cell generated for 
an inbank case of a flow around the bend. As the system that 
delivers floodplain flow to the Glasgow flume is closed, then the 
phenomenon of floodplain flow shearing over the main channel flow
below does not occur and the anti-clockwise cell observed at bend
apex, for the overbank cases of S.E.R.C. Series B, does not
occur. This proves conclusively that floodplain flow shearing 
over the main channel flow is responsible to bend cells changing 
rotation direction.

5.3.6. Transverse Water Surface Slope

The water surface level results for each vertical and for 
all five sections of Glasgow flume, for mean water depth 88.0 mm 
and discharge 0.0175 m3/s are plotted in Fig(5.29). This figure 
shows the smaller depths are located near the inner bank of the 
bend while the greater depths are placed in the opposite bank.

Based in the water depths measurements, the water surface
slope for each section was calculated and plotted for each of the 
five sections in Fig(5.30). This figure shows that the transverse 
slope gradually increases from the bend entrance until the apex 
section where it reaches its maximum value of 2* 10”2. Then, it 
starts to decay until the bend exit. The profile of transverse 
slope against section number seems to be symmetrical in relation 
to the bend apex.

In a flow around the bend, the mean transverse slope( Sr) of
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the water surface can be approximately calculated by the 
following equation

where U is the depth averaged streamwise velocity component; Rc
is the central radius of the bend; and g is the acceleration of
gravity. If the above equation is applied to Glasgow flume data,
the transverse slope obtained was:

0 442
Sr= 9.8* 1.0 “ °'0198

which is very similar to the maximum transverse slope value, 
determined at the bend apex section of Glasgow flume, shown in 

| Fig(5.17). This result reconfirms that the flow, in Glasgow
flume, although it is an overbank case, is behaving like an 
inbank case and the floodplain water does not act a great deal to 

i  repress the magnitude of transverse water slope.
! A summary of the rotational nature of bend secondary cells

is given in Fig(5.31) for inbank; overbank with floodplain flow;
overbank with no floodplain flow.

This clearly shows cell reversal for case 2 of overbank flow 
and no flow reversal for case 3 with overbank floodplain water.

| 5.4 CONCLUSIONS

Based on experimental data, obtained in the S.E.R.C. flume 
Series B and in the Glasgow flume, a detailed analysis of 
velocities and flow structures in meandering compound flows was 
carried out. The main conclusions obtained were:

| (i) The mechanism that creates secondary currents for an inbank
[ case of a flow around the bend is totally different from the one
f that develops secondary circulation at a bend, for an overbank1I case of meandering compound channel. For the inbank case, the
i:
f  secondary circulation appears in consequence of the imbalance
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between the body weight component and the centrifugal force 
combined with non-uniform distribution of velocity. For the 
overbank case, the secondary circulation is generated by 
floodplain flow shearing over the main channel flow driving 
secondary cells on to the next bend.
(ii) Floodplain flow approaching the main channel can bifurcate 
with part of the flow entering the main channel swirl and part 
crossing the main channel to the opposite floodplain.
(iii) Just downstream of the bend apex a large efflux of flow 
leaves the main channel and flows on to the floodplain.
(iv) For inbank flows the highest velocity filament at the inner 
region of one bend moves across the channel to be at the inner 
region of the next bend.
(v) At bend apex, inbank transverse velocities reach relative 
magnitudes of 5-10% for trapezoidal and 15-20% for natural. This 
is the ratio between transverse/longitudinal velocities.
(vi) For overbank flows the distribution of streamwise velocity, 
in the main channel region, is highly distorted. Above bankfull 
level the streamwise velocity is significantly reduced from the 
conventional log distribution. In particular, the cross-over 
region at bankfull level exhibits large velocity gradients which 
will produce large turbulent shearing.
(vii) For overbank flows the distribution of transverse 
velocities produces at bend apex ratios of
transverse/longitudinal around 20-30%.

- At the bend apex the cell is anti clockwise of strength.
- At the cross over region the cell is driven by floodplain 

flow shearing over main channel flow giving relative 
strengths 30%-35%, 5 times greater than inbank case.

(viii) In the main channel region, between bend apex section and 
cross-over region, the streamwise and the transverse velocities 
diminish, while between the cross-over and apex section of the 
next bend the opposite occurs.
(ix) In S.E.R.C. flume Series B, it was demonstrated that the 
strength of secondary circulation is affected by depth of flow, 
geometry of the cross-section, the stage, sinuosity and

347



floodplain roughness. The natural cross-section tends to increase 
the strength of secondary currents in comparison with the 
trapezoidal cross-section, for the inbank case, while the 
opposite occurs for the overbank case. The strength of secondary 
cells increases significantly as the stage rises, from the inbank 
to the overbank case. However, further increases in the overbank 
stage tends to reduce the strength of the secondary flow. As the 
floodplain roughness increases from the smooth case to the fully 
roughened case, the resultant velocity and the stream angle both 
diminish. However, the strength of the secondary flow tends to 
maintain approximately the same value, at least in the smooth 
case.
(x) It is expected that the levels of turbulence and the Reynolds 
shear stress will increase considerably, in meandering compound 
flow, as the flow goes from the inbank case to an overbank case.
(xi) The boundary shear stress field in the streamwise direction 
and in the transverse direction will be affected by the secondary 
flow. On one hand, the measurements of the streamwise boundary 
shear stress, presented in Chapter 4, have shown that a reduction 
will occur in the main channel and a substantial increase of 
boundary shear values will appear, at the edge of the floodplain 
at the exit of each bend. On the other hand, the considerable 
increase of the strength of the secondary currents in the 
cross-over region will induce the increase of the transverse 
boundary shear. A qualitative pattern of scour and deposition, 
for the meandering compound channel of S.E.R.C. flume with 
sinuosity 1.37, was presented.
(xii) The flow expansion-contraction phenomena, pointed out by 
Ervine and Ellis(1987), was also observed in the meandering 
compound flows of S.E.R.C. Series B.
(xiii) Observations from the Glasgow flume indicate that:
- In the overbank case, although the floodplains are inundated, 
the secondary cell that appears at bend apex section is rotating 
exactly in same way as a typical clockwise cell generated for an 
inbank case of flow around the bend. This proves conclusively 
that floodplain flow shearing over the main channel flow is
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responsible to develop bend cells changing rotation direction.
- In the overbank case, the secondary currents reach its maximum 
downstream of the bend apex and the maximum ratio of transverse 
velocity to the streamwise velocity was around 20%-30%, which is 
similar to S.E.R.C. flume data although the sense of rotation of 
the secondary current at the bend is opposite in theses two 
cases.
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Table 5.1
ANALYSIS OF THE STRENGTH OF SECONDARY CURRENTS AT BEND APEX 
S.E.R.C. SERIES B. SINUOSITY 1.37. TRAPEZOIDAL CROSS-SECTION

Stage Floodplain ( V / U ) m a x .

mm case %

100.0 7
200.0 Smooth 27
250.0 Smooth 19

Table 5.2
ANALYSIS OF THE STRENGTH OF SECONDARY CURRENTS AT BEND APEX 
S.E.R.C. SERIES B. SINUOSITY 1.37. NATURAL CROSS-SECTION

Stage Floodplain ( V / U ) m a x .

mm case %

140.0 14
165.0 Smooth 25
200.0 Smooth 20
250.0 Smooth 18
165.0 Rough. 30
200.0 Rough. 19
250.0 Rough. 18

Table 5.3
ANALYSIS OF THE STRENGTH OF SECONDARY CURRENTS AT BEND APEX 
S.E.R.C. SERIES B. SINUOSITY 2.04. NATURAL CROSS-SECTION

Stage Floodplain ( V / U ) m a x .

mm case %

140.0 18
165.0 Smooth 25
200.0 Smooth 22
165.0 Rough. 29
200.0 Rough. 30
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SINUOSITY 1.37 AND CROSS-OVER ANGLE 60°
FLDV DIRECTION

 >12.0

o
oo — 0-©---

\D 120

Units i Length In m etres and angle In degrees

Fig (5.1a) - Plan View of the One Wave-Length of Sinuosity 
1.374 of S.E.R.C. Flume Series B with the Location of the 
Measurement Sections.
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TRAPEZOIDAL SECTION
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Fig (5.1b) - Location of Vertical Slices 
Measurements Took Place for Sinuosity 1.37 of S.E.R.C 
Series B.
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SINUOSITY 2.04 AND CROSS-OVER ANGLE 110°

FLOW DIRECTION -I

7 K

•acP
110

o
o ©-- Q--

320 °

U n its :  L e n g t h  in m e t r e s  a n d  a n g le  in d e g r e e s ,

Fig (5.2a) - Plan View of the One Wave-Length of Sinuosity 
2.04 of S.E.R.C. Flume Series B with the Location of the 
Measurement Sections.
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\ r » k ' j n i » ■ « * • /
INNER BANK \ |  | | [ | | | | [/}>*•m W T O  *ANK

S.E.R.C. FLUME INBANK FLDW TRAPEZOIDAL SECTION 
6 0 °DEGREES CROSS OVER

DISCHARGE i 0.047 n 3 /s  DEPTH t 100.0 nn 
DATE • 29/01/90 TD 16/02/90

VARIATION OF LONGITUDINAL VELOCITY OVER 
CROSS SECTION NO. 1

g h I J kf
50.0
25.0..

0.0 1.0

100.0 _ 
50.0 --

100.0
50.0

0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0
UNITS i VELOCITY IN n /s  and DEPTH In nn

n o p q

| , ! | |

50.0
25.0

0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0

Fig (5.3a) - Variation of The Streamwise Velocity in
Section No.1 for The Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m /s.

S.E.R.C. FLUME INBANK FLDW TRAPEZDIDAL SECTION 
6 0 °DEGREES CROSS OVER
DISCHARGE . 0.047 n 3 /s  DEPTH i 100.0 nn

DATE i 29/01/90 TO 16/02/90
VARIATION OF LONGITUDINAL VELOCITY OVER 

CROSS SECTION NO. 2

0-0 1-0 0-0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 
UNITS . VELOCITY IN n /s  and DEPTH in nn

< r i i '

50.0 .
■ i

>
1 > i

►J +-H f 1 j j j j 1 j j
>

0-0 1.0 0-0 1.0 0.0 1.0 0.0 1.0 0.0 1.0

Fig (5.3b) - Variation of The Streamwise Velocity in
Section No.2 for The Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.
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S.E.R.C. FLUME INBANK FLOW TRAPEZOIDAL SECTION 
6 0 °DEGREES CROSS OVER

DISCHARGE ■ 0.047 n 3 / s  DEPTH ■ 100.0 nn 
DATE i 2 9 /0 1 /9 0  TD 1 6 /0 2 /9 0

VARIATION OF LONGITUDINAL VELOCITY OVER 
CROSS SECTION NO. 3

g H i j  kf
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I j j

50.0
25.0

0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0

Fig (5.3c) - Variation of The Streamwise Velocity in
Section No.3 for The Inbank Case. S.E.R.C. Series B.
Meandering Channel With Sinuosity 1.37. Trapezoidal
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.

S.E.R.C. FLUME- INBANK FLDW TRAPEZDIDAL SECTION 
60° DEGREES CRDSS DVER

DISCHARGE ■ 0.047 n 3 / s  DEPTH t 100.0 nn 
DATE i 2 9 /0 1 /9 0  TO 1 6 /0 2 /9 0

VARIATION OF LONGITUDINAL VELOCITY DVER 
CROSS SECTION NO. 4

g h I J k
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Fig (5.3d) - Variation of The Streamwise Velocity in
Section No.4 for The Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m /s.
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INNER BANK H » « /T O U T E R  B***

S.E.R.C, FLUME INBANK FLDV TRAPEZOIDAL SECTIDN 
60° DEGREES CRDSS DVER

DISCHARGE > 0.047 n 3 / s  DEPTH • 100.0 nn 
DATE > 2 9 / 0 1 /9 0  TO 1 6 /0 2 /9 0

VARIATION OF LONGITUDINAL VELOCITY OVER 
CROSS SECTION NO. 5
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Fig (5.3e) - Variation of The Streamwise Velocity in
Section No.5 for The Inbank Case. S.E.R.C. Series B.
Meandering Channel With Sinuosity 1.37. Trapezoidal
Cross-Section. Stage 100.0 mm. Discharge 0.047 m /s.

S.E.R.C. FLUME INBANK FLDV TRAPEZDIDAL SECTIDN 
6 0 °DEGREES CRDSS DVER

DISCHARGE i 0.047 n 3 / s  DEPTH i 100.0 nn 
DATE ■ 2 9 /0 1 /9 0  TD 1 6 /0 2 /9 0

VARIATION DF LONGITUDINAL VELDCITY DVER 
CRDSS SECTIDN NO. 6
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Cross-over

Fig (5.3f) - Variation of The Streamwise Velocity in
Section No.6 for The Inbank Case. S.E.R.C. Series B.
Meandering Channel With Sinuosity 1.37. Trapezoidal
Cross-Section. Stage 100.0 mm. Discharge 0.047 m/s.
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S.E.R.C. FLUME INBANK FLDV TRAPEZDIDAL SECTIDN 
6 0 °DEGREES CRDSS DVER

DISCHARGE ■ 0.047 n 3 / s  DEPTH i 100.0 nn 
DATE ■ 2 9 / 0 1 / 9 0  TO 1 6 /0 2 /9 0

VARIATION DF LONGITUDINAL VELDCITY DVER 
CRDSS SECTIDN NO. 9
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Fig (5.3i) - Variation of The Streamwise Velocity in
Section No.9 for The Inbank Case. S.E.R.C. Series B.
Meandering Channel With Sinuosity 1.37. Trapezoidal
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.

S.E.R.C. FLUME INBANK FLDV TRAPEZDIDAL SECTIDN 
6 0 °DEGREES CRDSS DVER

DISCHARGE • 0.047 n 3 / s  DEPTH ■ 100.0 nn
DATE ' 2 9 /0 1 /9 0  TO 1 6 /0 2 /9 0

VARIATION DF LONGITUDINAL VELDCITY DVER 
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Fig (5.3j) - Variation of The Streamwise Velocity in
Section No.10 for The Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.
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S.E.R.C. FLUME INBANK FLDV TRAPEZDIDAL SECTIDN 
60° DEGREES CRDSS DVER
DISCHARGE i 0.047 n 3 / s  DEPTH ■ 100.0 nn 
DATE i 2 9 /0 1 /9 0  TO 1 6 /0 2 /9 0
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Fig (5.3g) - Variation of The Streamwise Velocity in
Section No.7 for The Inbank Case. S.E.R.C. Series B.
Meandering Channel With Sinuosity 1.37. Trapezoidal
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.

S.E.R.C. FLUME INBANK FLDV TRAPEZDIDAL SECTIDN 
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Fig (5.3h) - Variation of The Streamwise Velocity in
Section No.8 for The Inbank Case. S.E.R.C. Series B.
Meandering Channel With Sinuosity 1.37. Trapezoidal
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.
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DISCHARGE ■ 0.047 n 3 / s  DEPTH i 100.0 nn
DATEi 2 9 /0 1 / 9 0  TD 1 6 /0 2 /9 0

VARIATION DF LDNGITUDINAL VELDCITY DVER 
CRDSS SECTIDN NO. 11

g h I J kf
5 0 . 0 -
25.0. .
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UNITS - VELOCITY IN n / s  and DEPTH In nn
n o p  q
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0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0

Fig (5.3k) - Variation of The Streamwise Velocity in
Section No.11 for The Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m /s.

SCALE OF DEPTH AVERAGED 
LDNGITUDINAL VELOCITIES

1 n/ s60
w

Fig (5.4) - Variation of The Depth Averaged Velocity For 
The Inbank Case. S.E.R.C. Series B. Meandering Channel With 
Sinuosity 1.37. Trapezoidal Cross-Section. Stage 100.0 mm. 
Discharge 0.047 m3/s.
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STREAMWISE VELOCITY IN m/s S.E.R.C. - SERIES S
NATURAL SECTION INBANK FLOW STAGE : 140.00 mm

0 1 2 3 4 5 5 7 6 5  1C

h4.F l o w  D i r e c t i o n

.300..250'

0 6 96 7 104

Fig (5.5) - Contour Levels of The Streamwise Velocity.
Inbank Case. S.E.R.C. Series B. Meandering Channel With 
Sinuosity 2.04. Natural Cross-Section. Stage 140.0 mm.

M C I  SANK

Bend Section
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VARIATION DF TRANSVERSE VELOCITY OVER A CROSS SECTIDN No. 1

f
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N
o 1000sr p tooo
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230

-.03 0 +.05 -.05 .0 +05 -05 .0 +05 -03 O +.03 -.05 .0 +05

Fig (5.6a) - Variation of The Transverse Velocity in 
Section No.1 for the Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.
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\ '»INNER BANK 1 ■ " • » n /1 M  I \Zr- OUTER SAM
Bend Section

S.E.R.C. FLUME - INBANK FLDV -TRAPEZDIDAL SECTIDN 60 CRDSS DVER
DISCHARGE > 0.047 n 3 / *  DEPTH > 100.0 nn DATE ■ 29 /0 1 /9 0  TD 16 /02 /90

VARIATION DF TRANSVERSE VELDCITY DVER A CRDSS SECTIDN No. 2

N
k 100.0

. 50.0

-.05 .0 +.05 -.05 .0 + 05 -.05  .0 +.05 -.05 .0 +.05 -.05 .0 +.05
UNITS i TRANSVERSE VELOCITY IN METRES PER SECOND 

DEPTH IN MILLIMETRES

^  50.0

N

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05

. . .  25.0

Fig (5.6b) - Variation of The Transverse Velocity in 
Section No.2 for the Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.

S.E.R.C. FLUME - INBANK FLDV -TRAPEZDIDAL SECTIDN 60° CRDSS DVER
DISCHARGE ■ 0.047 n 3 / *  DEPTH ■ 100.0 nn DATE i 29 /01 /90  TO 16/02/90

VARIATION DF TRANSVERSE VELDCITY DVER A CRDSS SECTIDN No. 3

-.05 .0 +.05 -.05 .0 +.05 -.05  .0 +.05 -.05  .0 +.05 -.05
UNITS i TRANSVERSE VELDCITY IN METRES PER SECOND 

DEPTH IN MILLIMETRES

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05  .0 +.05 -.05 .0 +.05

Fig (5.6c) - Variation of The Transverse Velocity in 
Section No. 3 for the Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.
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\ f »
inner bank N T

t p f -
OUTER BANK

Bend Section

S.E.R.C. FLUME - INBANK FLDV -TRAPEZOIDAL SECTION 60 CROSS OVER
DISCHARGE I 0.047 n 3 /s  DEPTH ■ 1004) nn DATE ■ 29 /01 /90  TO 16/02/90

VARIATION OF TRANSVERSE VELOCITY OVER A CROSS SECTION No. 4

_  V 100.0

-4)5 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -4)5  .0 +.05 -.05  .0 +.05
UNITS i TRANSVERSE VELDCITY IN METRES PER SECDND 
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.f 50JO

J.

o
,  1004)

. . .  25.0

-.05 4) +.05 -.05 .0 +.05 -.05  .0 +.05 -.05 .0 +.05 -.05 .0 +.05

Fig (5.6d) - Variation of The Transverse Velocity in
Section No.4 for the Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m /s.

S.E.R.C. FLUME - INBANK FLDV -TRAPEZDIDAL SECTIDN 60 CRDSS DVER
DISCHARGE > 0.047 n 3 / *  DEPTH > 100.0 nn DATE i 29 /01 /90  TD 16 /02 /90

VARIATIDN DF TRANSVERSE VELOCITY DVER A CRDSS SECTIDN No. 5

-.05 .0 +.05 -.05 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05  .0
UNITS i TRANSVERSE VELOCITY IN METRES PER SECDND 

DEPTH IN MILLIMETRES

-  . 100.0

1

N y  50.0 
j .  25.0

- 4 - K H

-.05 .0 +.05 -.05 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05

Fig (5.6e) -
Section No.5

Variation of The Transverse Velocity in 
for the Inbank Case. S.E.R.C. Series B,

Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m/s.
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Cross-Over Section

S.E.R.C. FLUME - INBANK FLDV -TRAPEZDIDAL SECTIDN 60° CRDSS DVER
DISCHARGE I 0.047 n3/s DEPTH > 100.0 nn DATE ■ 29/01/90 TO 16/02/90

VARIATION DF TRANSVERSE VELDCITY DVER A CRDSS SECTIDN No. 6

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05
UNITS i TRANSVERSE VELOCITY IN METRES PER SECOND 

DEPTH IN MILLIMETRES
d

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05

Fig (5.6f) - Variation of The Transverse Velocity in
Section No.6 for the Inbank Case. S.E.R.C. Series B.
Meandering Channel With Sinuosity 1.37. Trapezoidal
Cross-Section. Stage 100.0 mm. Discharge 0.047 m /s.

S.E.R.C. FLUME - INBANK FLDV -TRAPEZDIDAL SECTIDN 60 CRDSS DVER
DISCHARGE I 0.047 n3/* DEPTH ■ 100.0 nn DATE ■ 29/01/90 TO 16/02/90

VARIATIDN DF TRANSVERSE VELDCITY DVER A CRDSS SECTIDN No. 7

50.0
25.0

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05
UNITS > TRANSVERSE VELOCITT IN METRES PER SECOND 

DEPTH IN MILLIMETRES

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05

Fig (5.6g) - Variation of The Transverse Velocity in 
Section No.7 for the Inbank Case. S.E.R.C. Series B.
Meandering Channel With Sinuosity 1.37 Trapezoidal

3Cross-Section. Stage 100.0 mm. Discharge 0.047 m /s.



\ f 9

Cross-Over Section

S.E.R.C. FLUME - INBANK FLDV -TRAPEZOIDAL SECTIDN 60° CRDSS DVER
DISCHARGE > 0.047 n 3 /s  DEPTH . 100.0 nn DATE ■ 29 /01 /90  TO 16/02/90

VARIATION DF TRANSVERSE VELDCITY DVER A CRDSS SECTIDN No. 8 

f
j 50.0 
i .  23.0

I— I I I— I

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05
UNITS > TRANSVERSE VELOCITY IN METRES PER SECOND 

DEPTH IN MILLIMETRES

100.0 Z. 50.0

.  i  25.0
50.0 | t j f  |

+.05

Fig (5.6h) - Variation of The Transverse Velocity in 
Section No.8 for the Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.

S.E.R.C. FLUME - INBANK FLDV -TRAPEZDIDAL SECTIDN 60 CRDSS DVER
DISCHARGE ■ 0.047 n 3 /s  DEPTH ■ 100.0 nn DATE • 29/01/90  TD 2 6 /0 2 /9 0

VARIATION DF TRANSVERSE VELDCITY DVER A CRDSS SECTIDN No. 9

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05
UNITS i TRANSVERSE VELDCITY IN METRES PER SECDND 

DEPTH IN MILLIMETRES

-.05 .0 +.05 -.05 +.05 -.05 .0 ,05 .0 +.05 -.05 .0 +.05

Fig (5.6i ) - 
Section No.9

Variation of The Transverse Velocity in 
for the Inbank Case. S.E.R.C. Series B.

Meandering Channel With Sinuosity 1.37. Trapezoidal
3Cross-Section. Stage 100.0 mm. Discharge 0.047 m /s.
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Cross-Over Section

S.E.R.C. FLUME - INBANK FLDV -TRAPEZDIDAL SECTION 60 CRDSS DVER
DISCHARGE > 0.047 n3/s DEPTH ■ 100.0 nn DATE ■ 29/01/90 TD 16/02/90

VARIATION DF TRANSVERSE VELDCITY DVER A CRDSS SECTIDN No. 10

d
-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05

UNITS i TRANSVERSE VELDCITY IN METRES PER SECDND 
DEPTH IN MILLIMETRES
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100.0 -  100.0 -  100.0

d
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25.0

+.05 -.05 .0 +.05 -.05 .0 +.05 -.05

Fig ( 5. 6 j ) - Variation of The 
Section No.10 for the Inbank Case. 
Meandering Channel With Sinuosity

Transverse Velocity in 
S.E.R.C. Series B.
1. 37. Trapezoidal

Cross-Section. Stage 100.0 mm. Discharge 0.047 m/s.

S.E.R.C. FLUME - INBANK FLDV -TRAPEZDIDAL SECTIDN 60° CRDSS DVER
DISCHARGE ' 0.047 n3/s DEPTH ■ 100.0 nn DATS ■ 29/01/90 TD 16/02/90

VARIATION DF TRANSVERSE VELDCITY DVER A CRDSS SECTIDN No. 11

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05
UNITS i TRANSVERSE VELDCITY IN METRES PER SECDND 

DEPTH IN MILLIMETRES

-.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05 -.05 .0 +.05

Fig (5.6k) - Variation of The Transverse Velocity in 
Section No.11 for the Inbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 100.0 mm. Discharge 0.047 m3/s.



S.E.R.C. FLUME UNIFDRM DEPTH : 200.00 nn 
LDNGITUDINAL VELOCITIES  
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Fig (5.7a) - Variation of The Streamwise Velocity in
Section Nos.l to 6 for The Overbank Case. S.E.R.C. Series B. 
Meandering Channel With Sinuosity 1.37. Trapezoidal
Cross-Section. Stage 200.0 mm. Smooth Floodplains.
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S.E.R.C. FLUME UNIFDRM DEPTH ■ 200.00 nn 
LDNGITUDINAL VELOCITIES

SECTIDN 07

SECTIDN 09

♦ ♦ ♦ 4
♦ 4 4 ♦ : • ♦

*
♦ * f k. ♦ ♦ ♦* : ^N \ : i ? ♦ ♦♦♦
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END nr CROSS-DVER REGION SECTIDN 11
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Y \

SCALE 
0.50 n /s  I 1

Fig (5.7b) - Variation of The Streamwise Velocity in
Section Nos.7 to 11 for The Overbank Case. S.E.R.C. Series 
B. Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 200.0 mm. Smooth Floodplains.
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LONGITUDINAL V E L O C IT IE S

160CD

Fig (5.8) - Variation of The Depth Averaged Velocity For 
The Overbank Case. S.E.R.C. Series B. Meandering Channel 
With Sinuosity 1.37. Trapezoidal Cross-Section. Stage 200.0 
mm. Smooth Floodplains.

1 .0  m / s

A\

6.00 m

Fig (5.9) - Variation of The Depth Averaged Velocity For 
The Overbank Case. S.E.R.C. Series B. Meandering Channel 
With Sinuosity 1.37. Trapezoidal Cross-Section. Stage 250.0 
mm. Smooth Floodplains.
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Fig (5.10) - Typical Distribution of the Depth Averaged 
Longitudinal Velocity on the Floodplain and the Depth 
Averaged Streamwise Velocity in the Main Channel of a 
Meandering Compound Flow. Data Taken from S.E.R.C.Series B 
with Sinousity 1.37, Stage 250.0 mm, Trapezoidal 
Cross-Section and Smooth Floodplains.
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STREAMWISE VELOCITY IN m/s S.E.R.C. - SERIES B 
NATURAL SECTION STAGE : 165.00 mm

5.0 -5.0
4.5
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3.0 -3.0

.150
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2.0 - 2.0
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5 6 70 2 3 4 8 9 10

Fig (5.11) - Contour Levels of The Streamwise Velocity. 
Overbank Case. S.E.R.C. Series B. Meandering Channel With 
Sinuosity 2.04. Natural Cross-Section. Stage 165.0 mm. 
Smooth Floodplains.

STREAMWISE VELOCITY IN m/s S.E.R.C. - SERIES B 
NATURAL SECTION STAGE : 200.00 mm
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3.0
2.5
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0.5
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Fig (5.12) - Contour Levels of The Streamwise Velocity.
Overbank Case. S.E.R.C. Series B. Meandering Channel With 
Sinuosity 2.04. Natural Cross-Section. Stage 200.0 mm. 
Smooth Floodplains.
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Fig (5.13a)
Longitudinal Velocity on the Floodplain and the Depth 
Averaged Streamwise Velocity in the Main Channel of a 
Straigth Compound Flow from Kiely(1989).
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Fig (5.13b) - Typical Distribution of the Depth Averaged 
Longitudinal Velocity on the Floodplain and the Depth 
Averaged Streamwise Velocity in the Main Channel of a Skewed 
Compound Flow from Ervine and Jasem(1992).
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Fig (5.13c) - Typical Distribution of the Depth Averaged 
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Averaged Streamwise Velocity in the Main Channel of a 
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LEFT FLOODPLAIN

MAIN CHANNEL

NEAR THE FLOODPLAIN BOTTOM
NEAR THE WATER SURFACE

DYE POSITION 
TWO POSSIBLE PATHS/

RIGHT FLOODPLAIN

Fig (5.14a) - Paths Followed by The Water Particles in the 
Cross-Over Region of a Meandering Compound Flow.

DYE PDSITIDN

Fig (5.14b) - Paths Followed by The Water Particles in the 
Bend Region of a Meandering Compound Flow.
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S.E.R.C. FLUME UNIFORM DEPTH • 200.00 nm
TRANSVERSE VELOCITIES  

INNER BANK SECTION 01 DUTER BANK

SECTION 02

SECTION 03

r ~ r ~ r i i :~j— <4 — *—  t

SECTION 04

SECTION 05

START OF THE CROSS-OVER REGION
SECTION 6

TV J - J

SCALE 
0.50 m /s

Fig (5.15a) - Variation of The Transverse Velocity in 
Sections Nos.1 to 6. For The Overbank Case. S.E.R.C. Series 
B. Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 200.0 mm. Smooth Floodplains.
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S.E.R.C. FLUME UNIFORM DEPTH « 200.00 mm 
TRANSVERSE VELOCITIES
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SECTION 10

SECTION 11
END OF CROSS-OVER REGION

SCALE 0.50 m/s
Fig (5.15b) - Variation of The Transverse Velocity in 
Sections Nos. 7 to l|. For The Overbank Case. S.E.R.C. Series 
B. Meandering Channel With Sinuosity 1.37. Trapezoidal 
Cross-Section. Stage 200.0 mm. Smooth Floodplains.
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S.ER.C. SERES B SINUOSITY 137

300 n

2 5 0 -
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Fig (5.16a) - Variation of the Strength of 
Currents[ (V/U)max. ] with Stage for Sinuosity
S.E.R.C. Series B.
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Fig (5.16b) - Variation of the Strength of 
Currents[ (V/U)max. ] with Stage for Sinuosity
S.E.R.C. Series B.
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S.E.R.C. FLUME 
SERIES B TESTS

INBANK FLOW DEPTH . 100.00 nn APEX SECTION 

TRANSVERSE VELOCITIES 'V

SCALE 

0.030 n /s

□ VERBANK FLOW DEPTH . 200.00 nn APEX SECTION 

TRANSVERSE VELOCITIES •v

Fig (5.17) - Secondary Circulation at Bend Apex of the 
Meandering Compound Channel of S.E.R.C. Flume. Sinuosity 
1.37. Trapezoidal Cross-Section. Smooth Floodplains. 
Comparison of the Inbank Case( Stage 100.0 mm) with the 
Overbank Case( Stage 200.0 mm).

S.E.R.C. FLUME 
SERIES B TESTS

INBANK FLOW DEPTH . 100.00 nn CROSS OVER SECTION 

TRANSVERSE VELOCITIES *V*

SCALE 

0.030 n /s

OVERBANK FLOW DEPTH • 200.00 nn CROSSOVER SECTION 
TRANSVERSE VELOCITIES

0.5 n /s

FLOW DIRECTION

I-------->
Fig (5.18) - Secondary Circulation at Cross-Over Section 
of the Meandering Compound Channel of S.E.R.C. Flume.
Sinuosity 1.37. Trapezoidal Cross-Section. Smooth
Floodplains. Comparison of the Inbank Case( Stage 100.0 mm) 
with the Overbank Case( Stage 200.0 mm).
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Fig (5.21a) - Plan View of Glasgow Flume.
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Fig (5.21b) - Test Sections and Measurement Verticals of 
Glasgow Flume.
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GLASGOW FLUME -  MAIN CHANNEL
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Fig (5.22) - 
Glasgow Flume.
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71. M i

-e-CLASGOU FLUME

2= t—I=ECLUJO

2LM -

1LM -

• M ID I N I K

DISCHARGE IN K3/S 
STAGE DISCHARGE IN GLASGOU S.E.R.C. FLUTE

aooo plain aou
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Channel of Glasgow Flume.
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GLASGOW FLUME MAIN CHANNEL DISCHARGE 
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Fig (5.24a) - Variation of Manning's n with Stage for 
Inbank Case of the Main Channel Flow of Glasgow Flume.
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Fig (5.24b) - Variation of Manning's n with Stage for the 
Floodplain Flow of Glasgow Flume.
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GLASGOW S.E.R.C. FLUME
LONGITUDINAL VELOCITIES 

MAIN CHANNEL DISCHARGE > 0.0175 n3/s  
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Fig (5.26) - Variation of The Streamwise Velocity For The 
Overbank. Case. Glasgow Flume. Uniform Depth 88.0 mm. Main
Channel Discharge 0.0175 m 3/s. Floodplain Discharge 0.0
3 / m /s.

389



0. 0.5 m/s
3764.00 nn

/tv

££
oooin
kd

/ f .
150.00 nn

2492.00  nn

APEX SECTIDN
v a m D U  UCATKMjfrmiTTfc'i-J v,1*""UJU-LLLLlJ <P *fM m.

4S&00 nn C7SM  nn

Fig (5.27) - Variation of The Depth Averaged Velocity For
The Overbank Case. Glasgow Flume. Uniform Depth 88.0 mm.
Main Channel Discharge 0.0175 m 3/s. Floodplain Discharge 0.0
3 / m /s.
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Fig (5.28) - Variation of The Transverse Velocity For The 
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Flume. Uniform Depth 88.0 mm. Main Channel Discharge 0.0175
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S.E.R.C. INBANK FLO W  IN A MEANDERING CHANNEL

INNER BEND OUTER BEND

S.E.R.C. OVERBANK FLOW IN A MEANDERING CHANNEL 
□VERBANK FLEW IN A MEANDER CHANNEL

INNER BEND OUTER BEND

□VERBANK FLOW WITH A STATIONARY FLOODPLAIN WATER 
IN GLASGOW FLUME

INNER BEND OUTER BEND

Fig (5.31) - Sketch of The Sense of Rotation of The 
Secondary Currents in The Bend Apex For The Inbank and The 
Overbank Cases of S.E.R.C. Series B and For the Overba'nKCase 
of Glasgow Flume.

392



CHAPTER 6

CONTINUITY, ENERGY AND MOMENTUM EQUATIONS APPLIED
TO MEANDERING COMPOUND CHANNELS

6. 1 INTRODUCTION

6. 2 CONTINUITY EQUATION APPLIED TO MEANDERING COMPOUND
CHANNELS
6.2.1 Introduction
6.2.2. Discharge Distribution of The Meandering 

Compound Channels of The S.E.R.C. Flume 
Series B

6.2.3. Analysis of The Total Main Channel Discharge 
in the Streamwise Direction of The

S.E.R.C. Flume Series B
6.2.4. Analysis of The Main Channel Discharge Below 

Bankfull of The S.E.R.C. Flume Series B
6.2.5. Analysis of The Balance of The Vertical

Discharge
6.2.6 Modelling Discharges Distributions.

6. 3 ENERGY EQUATION APPLIED TO MEANDERING COMPOUND
CHANNELS
6.3.1. Introduction.
6.3.2. Contours of Locally Measured Water Surface

Levels
6.3.3 Contours of The Total Energy Levels for

Meandering Compound Channels
6.3.4. Implications of the Energy Study

6. 4 THE MOMENTUM EQUATION APPLIED TO MEANDERING COMPOUND
CHANNELS.
6.4.1 Introduction.
6.4.2 The Momentum Equation Applied to the S.E.R.C.

Flume Series B Data with Sinuosity 1.374.

393



6.4.3 The Momentum Equation Applied to the
Floodplain Region in X Direction

6.4.4. General Application of the Force-Momentum
Equation in the X-Direction on the
Floodplains

6.4.5 The Momentum Equation Applied to the
Floodplain Region in Y Direction

6.4.6. The Momentum Equation Applied to the Main
Channel

6.4.7. Application of Force-Momentum Equation to an
Inbank Flow in the Natural Main Channel

6.4.8. Force Momentum Equation for the Main Channel
Region During Overbank Flow

6.4.9. Summary of Apparent Shear Force in the Main 
Channel Region only

6.5 CONCLUSIONS

394



CHAPTER 6

CONTINUITY, ENERGY AND MOMENTUM EQUATIONS APPLIED 
TO MEANDERING COMPOUND CHANNELS

6. 1 INTRODUCTION

The experimental work on compound meandering flows at 
the S.E.R.C. flume Wallingford, investigated a series of 
idealised cases which may bear some reality to nature. The value 
of the detailed measurements on the S.E.R.C. flume can only be 
optimised if the data is used to produce a MODEL which can be 
applied to any situation, and not just the limited range tested. 
The most suitable model is a subject of debate at the present and 
can vary from the sophisticated range 3-D numerical models 
incorporating turbulence models, to a simplified quasi-one 
dimensional model such as used by Ervine and Ellis(1987). Any 
modelling technique will ultimately make use of the concepts of 
continuity of mass, force-momentum and/or conservation of energy.

The purpose of this Chapter, however is not to produce a 
model, but rather as a first step, to investigate by using a 
two-dimensional approach, the continuity equation, energy 
equation and momentum equation can be applied to the test cases 
studied in the meandering channels of S.E.R.C. flume( Series B). 
The aim of this analysis is to explain how both discharge and 
energy are distributed and how momentum is exchanged between the 
main channel and the floodplain. The continuity and energy 
equations were applied to both S.E.R.C. flume sinuosities( 1.374 
and 2.04), both floodplain boundary roughnesses( smooth case and 
fully roughened case) for all test cases, while the momentum 
equation was applied only to sinuosity 1.37 but both floodplain 
roughnesses cases( smooth case and fully roughened case).
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6. 2 CONTINUITY EQUATION APPLIED TO MEANDERING COMPOUND
CHANNELS.

6.2.1 Introduction

In open-channel flows, the flow regime is usually turbulent 
and the instantaneous velocities are defined as a sum of the time 
averaged velocity and a fluctuating random component. In a 
cartesian coordinates system, the instantaneous velocities in X, 
Y and Z directions are

u = U + u'
v = V + v'
w = W + w'

( 6 . 1 ) 

( 6 . 2 ) 
(6. 3)

No matter of whether a flow is in laminar or turbulent
regime, every fluid must satisfy the equation of conservation of 
mass or, as it is commonly termed the equation of continuity. For 
the time-averaged motion and considering the flow incompressible, 
the equation of continuity in cartesian coordinates is expressed 
as being,

a u , a v , a w , cT"x T~y J~z = (6'4)
where U, V, and W are the depth-averaged longitudinal, transverse 
and vertical velocity components in x, y and z directions, 
respectively.

For a flow around a curved channel, such as in the bend
region of meandering channels, the continuity equation is better
expressed by using a cylindrical coordinate system. For a steady
and incompressible flow, the continuity equation in cylindrical 
coordinates is

a Us VR a VR a w _ , ,FT^ ~r~ FT" ~d~z (6-5)
where Us is the depth averaged tangential component of velocity
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in direction s, Vr is the depth averaged radial component of the 
velocity in normal direction n, and W is the depth averaged 
vertical component of velocity in direction z.

Nelson and Smith(1989) expressed the continuity equation in 
curvilinear coordinates. The equation pro posed was

a u _  + _±_  a(v r) + a w_ =0 (6.6)
d s r d n d z

where U, V and W are the depth averaged velocity components in s, 
n, and z directions.

Equations 6.4 and 6.6 were applied to the meandering flow of 
S.E.R.C. flume Series B. In both equations, the control volume
considered was limited by the water surface and by the channel
bottom, and hence the vertical component of velocity W could be 
eliminated in the two-dimensional case. Equations 6.4 and 6.5 
become,

a U ■ 8 V  = 0  (6.7)d x d y
a U  a v
a s  a n = 0 (6.8)

Equation 6.7 was applied on the floodplain while equation 6.8 was 
applied in the main channel region.

6.2.2. Discharge Distribution of The Meandering Compound 
Channels of S.E.R.C. Series B.

One of the key questions about mass exchange in meandering 
compound flows is the distribution of flow( discharge) throughout 
the flow field, and how much is exchanged between main channel 
and floodplain, and vice-versa. How much discharge is carried in 
the main channel and on the floodplain, and how does this value 
vary along meander length.

Chapter 5 has already revealed significant flow mechanisms 
which involve mass exchange. Beyond each bend apex, main channel
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discharge is substantially diverted to the floodplain. In each 
cross-over region, floodplain flow can bifurcate, with a 
proportion entering the main channel flow below bankfull level.

Other flow mechanisms, such as secondary cells, considerably 
affect the discharge distribution. These cells, whose strength 
increases substantially in overbank case compared with an inbank 
case, has an important role in transporting discharge from the 
main channel to floodplain and vice-versa. Toebes and Sooky(1967) 
pointed out the existence of significant mass exchange between 
the meander and the floodplain flows. The discharge distribution 
obtained by these two researchers was presented in Fig(2.58).

In this work two different methods were used to determine 
mass exchange and the discharge distribution in the main channel 
and floodplain of the S.E.R.C. flume Series B data.

(i) Method 1 used the two component velocity data and water depth 
data to calculate the radial discharge received by the main 
channel from the left upstream floodplain; the radial discharge 
supplied by the main channel to the right bank floodplain; the 
variation of the streamwise discharge along the main channel; the 
determination of the right floodplain and the left floodplain 
longitudinal discharges at the bend apex section. These 
components are shown in Fig(6.1).

(ii) Method 2 used velocity and depth to analyse the discharge 
distribution using the known " Dog Leg System", where the 
cross-sections are defined as perpendicular to the longitudinal 
direction in the floodplain and perpendicular to the streamwise 
direction in the main channel. In this case, the longitudinal 
discharge on both sides of the floodplain and the main channel 
streamwise discharge were determined. A typical example is shown 
in Fig(6.6).

The method used for the calculation of the streamwise 
discharge in the main channel( parallel to the main channel 
walls) and the longitudinal discharge( parallel to flume side 
walls) in the both floodplains was as follows:
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- Based Q.n the measurements of the resultant flow velocity U r and 
the stream angle of the current © , the streamwise velocity in 
the main channel and the longitudinal velocity on the floodplain 
was determined from equation

U = U cos © (6.9)i R

where the index i refers to the particular point of the vertical 
where measurements took place.
It should be noted that streamwise in the main channel means 
parallel to main channel walls and integrated over the full depth 
of the main channel flow.
- In each vertical the depth averaged velocity was calculated 
from the following equation,

l = n - 1m  1 —  1 1 — 4.

/ (Ui+Ui+177 i=l v0  ) r n - m ^)/2 (6 10)

H J

where i is the index of the point on the vertical, n is the 
number of velocity measurements on the vertical, j is the index 
of the vertical and H j is the total depth of the vertical j .

Once the values of depth averaged velocities have been 
calculated, the discharge was integrated, for each section of the 
main channel and on several sections of the floodplain, using 
the following equation,

J=m - 1

=

y \ u + u 1 * [ h +_ L  j= i  ̂ j j +iJ I J H
j+i * A 1

j-j+i
( 6 . 11 )

where k is the index of the section, A1 is the width between the
verticals j and j+i and m is the number of verticals of the
section under consideration.

The method developed for the calculation of the radial
discharge entering and leaving by the main channel was as
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follows:
- Based on measurements of the resultant flow velocity U r and the 
streamline angle of the current ©, the transverse velocity( 
normal to banks) at a point of a vertical located on the 
boundaries of the main channel with the floodplain was determined 
by

V = U sin © (6.12)i R

where the index i refers to a particular point of the vertical 
where measurements took place.
- All the other steps are similar to the ones described for the 
streamwise discharge of the main channel and the longitudinal 
discharge of the floodplain. The only difference was that, the 
radial discharge was integrated along the edge of the main 
channel, at the main channel/floodplain interface.

The results of the discharge distribution following the 
Method 1 are shown in:

Fig(6.1) for sinuosity 1.37, stages 200.0 and 250.0 mm, 
trapezoidal section and with smooth floodplains. 
Fig(6.2) for sinuosity 1.37, stages 165.00, 200.0 and
250. 0 mm and natural section and with smooth 
floodplains.
Fig(6.3) for sinuosity 1.37, for stages 165.00, 200.0
and 250.0 mm, natural section and with fully roughened 
floodplains.
Fig(6.4) for sinuosity 2.04, stages 200.0 and 250.0 mm, 
natural section and with smooth floodplains.
Fig(6.5) for sinuosity 2.04, for stages 200.0 and 250.0 
mm, natural section and with fully roughened 
floodplains.

Fig(6.1) to Fig(6.5) express discharge as an absolute value. In 
the particular cases of the fully roughened floodplain, the 
floodplain discharge at the bend apex could not be computed 
because of the absence of velocity data. It was decided in these 
particular cases to estimate the floodplain discharge from,

Qi - Q2 = Q3 (6. 13)
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Qi + Q 2 + Q4 = Q5 (6.14)
where:
- Qi is the left/upstream floodplain discharge( unknown)
- Q2 is the right/downstream floodplain discharge( unknown)
- Q3 is the radial discharge received by the main channel from 

the left bank which can be calculated from the measurements ( 
known).

- Q4 is streamwise main channel discharge at bend apex which can
be computed from the measurements( known).

- Qs is the total discharge( streamwise main channel discharge
plus the floodplain discharge at the bend apex) measured by the 
orifice meter( known).

Equations (6.13) and (6.14) are solved simultaneously to provide 
estimates of roughened floodplains discharges.

The results of the discharge distribution, following Method 
2  ( "Dog-Leg System") are shown in:

Fig(6.6) and Fig(6.7) for sinuosity 1.37, stages 200.0 
and 250.0 mm, trapezoidal section and with smooth 
floodplains.
Fig(6.8) and Fig(6.9) for sinuosity 1.37, for stages
200.0 and 250.0 mm, natural section and with smooth 
floodplains.
Fig(6.10) for sinuosity 2.04, stage 200.0 mm, natural 
section and with smooth floodplains.

The main channel discharge and the floodplain discharge are 
expressed as a percentage of the total discharge along the flume 
passing each bend apex section.

The following points can be noted from Fig(6.1) to 
Fig(6.10) :
- The discharge distribution in meandering compound channels is 
highly three-dimensional, with significant longitudinal and 
lateral movements revealed.
- As expected, the maximum streamwise component of discharge 
occurs at the bend apex in all cases, whereas at the cross-over 
region, the streamwise discharge reaches its minimum. This effect 
is more pronounced in the more highly sinuous case in Fig(6.5).
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- The main channel streamwise discharge variation agrees well 
with the radial discharge variation. Confirming the excellent
quality of the experimental data.
- The discharge distribution in both sinuosities has a similar 
pattern. Between the bend apex and the cross-over section the
main channel discharge in the streamwise direction reduces by
delivering discharge to the right downstream floodplain. Between 
the cross-over section and the next bend apex, the main channel 
discharge in the streamwise direction increases, by receiving 
discharge from the left upstream floodplain.
- The flow is steady but it is not uniform either in the main 
channel or the floodplain. For one-dimensional case, uniform flow 
means a constant discharge and a constant flow depth along the 
channel length. Here the flow is three-dimensional with the
discharge varying in the main channel and floodplain region with 
water depths varying as well. However the flow can be considered 
quasi-uniform in this particular case of regular meanders if the 
criterion of uniformity is applied to sections that are mirror
images on each meander wave length.

The key findings in Fig(6.1) to Fig(6.10) can also be 
summarised in more detail in terms of the effect of flow depth, 
boundary roughness, sinuosity and main channel cross-sectional 
shape.
- The effect of flow depth can be seen dtn Fig(6.2) for example. 
At stage 165.0 mm, the reduction in the main channel discharge( 
in the main channel direction) is 10% comparing apex and 
cross-over regions. The corresponding values are 30% and 34% for 
stages 200.0 mm and 250.0 mm. More of the main channel flow is 
diverted longitudinally as the stage increases. The percentage of 
flow remaining in the main channel reduces with stage. As stage 
increases from 165.0 mm to 250.0 mm the basic orientation of the 
flow changes from the main channel direction to the longitudinal 
direction. This can be seen vividly in the cross-over region of 
Fig(6.2). At the stage 165.0 mm, the transverse discharge is 6.0
to 8.0 1/s corresponding to 27.0 to 29.0 1/s in the main channel
direction. This is a ratio of 0.25 transverse to streamwise main
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channel. At stage 250.0 mm, this ratio is now 110/81=1.35, a 
difference of over five fold. This greater transverse movement 
with stage drives stronger secondary cells in the main channel 
and causes greater fluid transfer from main channel on 
floodplain.
- The effect of the floodplain roughness can be seen by comparing 
Fig(6.2) and Fig(6.3), comparing smooth and fully roughened 
floodplain cases. As the floodplain roughness changes to the 
fully roughened case, the discharge reduces in both the 
floodplain and the main channel regions. That is rough 
floodplains reduce the discharge in the main channel even though 
the main channel has smooth boundaries. The retardation effect of 
the floodplain roughness is thus transmitted into the main 
channel. Comparing Fig(6.2) and Fig(6.3) at stage 165.0 mm, shows 
that floodplain roughness has very little effect on the main 
channel discharge, at the stage 200.0 mm the main channel 
discharge is reduced by 35%, whereas at stage 250.0 mm, the main 
channel discharge reduces by 50% simply by increasing floodplain 
roughness. This has important implications for the management of 
two-stage channels and vegetation removal.
- The effect of sinuosity can be seen by comparing Fig(6.2) with 
Fig(6.4), at stages 165.0 mm and 200.0 mm. This is the smooth 
floodplain case. As expected, the reduction in discharge in the 
main channel direction is much more pronounced in the higher 
sinuosity case Fig(6.4) and is much more pronounced at the higher 
stages as well. The effect is also seen vividly comparing 
Fig(6.8) with Fig(6.10, both with stage 200.0 mm, smooth 
floodplains and natural cross-sections in the main channel. 
First, the total discharge is reduced from 222 1/s to 183 1/s 
simply by increasing sinuosity from 1.37 to 2.04. Thus a 
reduction of almost 20%. Second the percentage of flow held in 
the main channel alone decreases with an increase in sinuosity 
even at the bend apex section. This means that sinuosity has a 
retarding effect on both main channel and floodplain flows, and 
hence must be producing significant energy losses simply due to 
plan form shape.
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- The effect of main channel cross-sectional shape comparing the 
trapezoidal and the natural cross-section can be seen by 
comparing Fig(6.6) with Fig(6.8). In these two cases everything 
is identical apart from main channel cross-section shape( and 
area). The total flow is reduced from 251 1/s to 222 1/s in
moving from trapezoidal to natural case. For the main channel
alone, at bend apex, the percentage held in the main channel
falls from 34% to 27%, a fall of 20% but the main channel
cross-sectional area has fallen by 40%, showing that per unit 
area of flow the natural cross is more efficient at conveying 
flow. This was verified in the experiments of Willetts and
Hardwick(1990) who showed greater efficiencies in natural 
cross-section conveyance compared with the trapezoidal.

6.2.3. Analysis of The Total Main Channel Discharge in the 
Streamwise Direction of The S.E.R.C. Flume Series B.

A slightly different mode of analysis is given in Fig(6.11) 
to Fig(6.13) for discharge variation in the main channel in the 

s+vt&.cr'Awvse d \ vec Y.‘ o . This includes flow below bankfull
level as well as flow above bankfull level resolved in the main
channel direction. The graphs in general are a plot of the flow
in the main channel region plotted with the distance around a 
half meander from bend apex to the next bend apex. The bend apex 
is section 3 for sinuosity 1.37 and section 2 for sinuosity 2.04.

The variation of the total main channel with distance around 
the meander and stage is presented in:
- Fig(6.11) for sinuosity 1.37, for trapezoidal and for natural 
main channel cross-sections with smooth floodplains.

Fig(6.12) for sinuosity 1.37, with natural main channel
cross-sections, comparing smooth floodplains with fully roughened 
floodplains.

Fig(6.13) for sinuosity 2.04, with natural main channel
cross-sections, again comparing smooth floodplains with fully 
roughened floodplains.
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The tabulated data of the total main channel discharge in 
the streamwise direction are enclosed in Appendix II.

Fig(6.11) shows that the variation of the streamwise main 
channel discharge occurs practically outside the cross-over
region and between the bend apex and the cross-over region.
- Discharge reduces from apex to start of the cross-over and
increases in symmetrical way from the end of the cross-over 
region to next bend.

There is very little variation in discharge along the
cross-over length.
- The reduction/increase pattern is more pronounced at higher 
stages of flow.
- There is little difference in this effect comparing natural and 
trapezoidal cross sections.

Fig(6.12) shows the effects of stage and of floodplain
roughness on the variation of the total streamwise main channel 
discharge of the meander with sinuosity 1.37.
- At stage 165.0 mm there is no difference in behaviour between 
smooth and rough floodplain cases.
- Even at the highest stage 250. 0 mm the pattern is very similar 
for smooth and rough cases, apart from the fact that the main 
channel discharge is reduced by around 50% for the rough case. 
The 250.0 mm smooth case has a reduction in discharge around one 
third from the bend apex to cross-over. and 250.0 mm rough case 
also has a reduction around one third from bend apex to 
cross-over region.

Floodplain roughness has powerful retarding effect on the 
main channel flow, but the relative variations around the a 
meander wave length are not affected much by roughness. They are 
affected by stage, as seen in Fig(6.11) and they are affected by 
sinuosity by comparing Fig(6.12) and Fig(6.13).

The effect of the floodplain roughness (and of stage) on 
the variation of the streamwise discharge in the main channel 
is shown in Fig(6.13) for the case of sinuosity 2.04.
- For stage 165.0 mm both smooth floodplain and fully roughened 
floodplain shows a behaviour similar to the previous sinuosity,
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where the variation of the main channel discharge is not 
influenced by the floodplain roughness.
- For stage 200.0 mm, rough and smooth floodplain behaviour was 
again very similar, but the effect of increasing stage from 165.0 
mm to 200.0 mm was to produce very much larger reductions in the 
main channel discharge. That is, very much larger sweeping out of 
the main channel on to the floodplain before the cross-over 
region, and vice-versa after the cross-over region.

The origin of such a large reduction is simply not just 
variations in stage, but variations in sinuosity as can be judged 
by comparing Fig(6.12) at stage 200.0 mm and Fig(6.13) at stage
200.0 mm. The increase in sinuosity has a significant effect on 
the flow in the main channel direction, as expected.

6.2.4. Analysis of The Main Channel Discharge Below Bankfull 
of The S.E.R.C. Flume Series B.

The variation of the main channel discharge below bankfull 
level is even greater interest because the streamlines should be 
in the main channel direction irrespective of sinuosity or other 
parameters. The results are given in Fig(6.14) to Fig(6.16) and 
compared in each case with the inbank bankfull discharge with no 
overbank flow.

Fig(6.14) is for the trapezoidal section with smooth 
floodplains and meander sinuosity 1.37.
- Fig(6.15) is for the natural section main channel, sinuosity 
1.37 and with smooth and fully roughened floodplains.
- Fig(6.16) is for the natural section main channel, sinuosity 
2.04 and with smooth and fully roughened floodplains.

All the tabulated data of the main channel discharge below 
bankfull level in the streamwise direction are presented in 
Appendix III.

As a general rule, the discharge held in the main channel 
below bankfull level is significantly lower than the discharge 
held in the main channel with no overbank flows. In other words,
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overbank flows impose a massive reduction in the discharge 
capacity of the main channel compared to no overbank flows. This 
is a clear measure of the interaction effect as it affects flows 
below bankfull level.
- In Fig(6.14) the effect is less with increasing stage.
- In Fig(6.15) the effect is significant for rough floodplains 
and practically non-existence for high stage(250.0 mm) and smooth 
floodplains.
This is a most important phenomenon in modelling flow behaviour 
below bankfull level during overbank flow.

The discharge which results below bankfull level is severely 
disturbed by the floodplain flow above especially at higher 
sinuosities, higher floodplain roughness and lower stages.

6.2.5. Analysis of The Balance of The Vertical Discharge

In Chapter 4, it was shown that in meandering channels the 
growth and decay of secondary cells introduce significant energy 
losses to flow. The strength of these cells should become greater 
when sinuosity increases. Secondary cells transport flow in the 
streamwise, in the transverse and in the vertical directions. One 
possible way to evaluate, if the strength of these cells is 
increasing, is to determine the vertical discharge. Here the 
vertical^ discharge will be computed at imaginary horizontal slice 
located^bankfull level.

During the test programme of S.E.R.C. flume Series B, the 
vertical component of velocity was only measured in some sections 
of the main channel. However, based in the calculations made for 
the discharge distribution in the main channel, it will be 
possible to calculate, at bankfull level, the balance of vertical 
discharge comparing the bend apex section and the cross-over 
section. The discharge below bankfull level, at bend apex, is 
greater than at the cross-over section. Therefore there must be a 
net upward balance of the vertical discharge between bend apex 
and cross-over region which means that the discharge balance is
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going in upward direction. Between the cross-over section and the 
next bend apex section the opposite occurs.

It is important to emphasise that a difference exists 
between the vertical velocities and the net balance of vertical 
discharge. There are vertical velocities going up and vertical 
velocities going down along the secondary cells. However the
integration of these velocities along the imaginary horizontal 
slice, located at bankfull level, will give the balance of
vertical discharge. This was calculated by the Author from the
values of streamwise discharge below bankfull level at bend apex 
and cross-over sections.

The results of the balance of vertical discharge with the 
depth ratio(h/(H-h)) are presented in Table(6.1) and are plotted 
in Fig(6.17). In general, the balance of vertical discharge 
increases with depth ratio( or stage), with sinuosity, with 
trapezoidal compared with natural, and reduces with the increase 
of the floodplain roughness. For example, if the case of the
natural section with smooth floodplains and stage 200.0 mm is 
chosen, the results show that the balance of vertical discharge 
at bankfull level is 5.0 1/s for sinuosity 1.37 and 17.5 1/s for 
sinuosity 2.04. Both natural cross-sections have the same 
geometry and the only difference is the length of the channel. 
This significant increase in the vertical discharge(3.5 times) is 
reflected also by substantial rise in the resistance experienced 
by the flow when main channel sinuosity is changed from 1.37 to 
2. 04.

6.2.6 Modelling Discharges Distributions.

Modelling the complex three dimensional discharge 
distribution will eventually be achieved either with a full 
three-dimensional numerical model at one end of the spectrum, or 
a quasi one-dimensional model, at the other end of the spectrum. 
Any one dimensional approximation involves sub-division 
of the meandering compound flow into zones sketched below and
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discussed in Chapter 4.
Zone 1 is below bankfull level, Zone 2 is above bankfull level

! MEANDER BELT WIDTH !

but contained within the meander belt width, and Zone 3 is above 
bankfull level outside the meander belt width.

Sections(6.2.4) and (6.2.5) have already discussed the 
distribution of discharge below bankfull level during overbank 
flow, and have already demonstrated that there is a great 
reduction of discharge in Zone 1 compared with an inbank flow. 
The reduction in Zone 1 discharge depends on stage, sinuosity, 
geometry of main channel cross-section and floodplain roughness.

What is the corresponding - discharge distribution in Zone 
2 and 3? To simplify matters, it was decided to compute the 
discharge in Zone 2 and in Zone 3 in the longitudinal x - 
direction only, bounded by imaginary vertical walls at the outer 
edge of the meandering main channel and a horizontal slice at
bankfull level as shown above. This is shown in Fig(6.18a) to 
Fig(6.18e) and compared with discharge that would result in an 
equivalent straight channel at the same width and depth with same 
degree of boundary roughness. These plots show the variation of
discharge from bend apex to next bend apex, for the following
specific case all of which involve smooth floodplains:
- Fig(6.18a) and Fig(6.18b) are for sinuosity 1.37, trapezoidal 
cross-section, stage 200.0 mm, for zones 2 and 3, and zone 1,
respectively.
- Fig(6.18c) and Fig(6.18d) are for sinuosity 1.37, natural
cross-section, stage 200.0 mm, for zones 2 and 3, and zone 1,
respectively.
- Fig(6.18e) and Fig(6.18f) are for sinuosity 1.37, trapezoidal 
cross-section, stage 250. 0 mm, for zones 2 and 3, and zone 1,
respectively.
- Fig(6.18g) and Fig(6.18h) are for sinuosity 1.37, natural

ZONE 3 ZONE 2 ZONE 3
ZDNE 1
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cross-section, stage 250.0 mm, for zones 2 and 3, and zone 1, 
respectively.

Fig(6.18i) and Fig(6.18j) is for sinuosity 2.04, natural 
cross-section, stage 200. 0 mm, , for zones 2 and 3, and zone 1, 
respectively.

All the figures show that in Zone 2, the actual discharge 
varies very little between bend apex, cross-over and next bend 
apex. On other hand, the actual value of discharge is always 
smaller than its theoretical value( corresponding to a straight 
channel). This is the result of an interaction mechanism between 
the main channel flow and the floodplain flow. Another 
interesting aspect revealed by these graphs is the effect of 
stage, main channel cross-section geometry and sinuosity on the 
ratio between actual discharge( Q a c )  and theoretical
discharge( Q  ), which could be an indicator of the degree oft h
interaction mechanism. Values of the ratio Q  / Q  are given ina c t h
the table below for Zone 2 floodplain flows.

Analysis of Discharge of Zone 2

Sinuosity Stage Cross-section Actual Discharge
Theoretical Discharge

mmr-"COt—i 200. 0 Trapezoidal 0. 95
1. 37 200. 0 Natural 0. 86
1. 37 250. 0 Trapezoidal 0. 84
1. 37 250. 0 Natural 0. 87
2. 04 200 Natural 0. 74

It can be noted that the result for sinuosity 1.37, for 
trapezoidal cross-section with stage 200.0 mm may be in doubt 
because of lack of consistency with other data. As a broad 
generalization, it is clear that sinuosity 1.37 floodplain flow 
losses about 15% discharge due to interaction, and at sinuosities 
2.04 this figure is more like 25%.
- As stage rises, the natural cross-section reveals that the
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discharge ratio to be almost constant.
- Comparing the natural cross-section case with trapezoidal case, 
for stage 250.0 mm, above table shows the discharge ratio for 
natural case is 3% greater than trapezoidal, as expected. This
confirms the findings presented in Chapter 4 and 5 about the
effect of the main channel aspect ratio on the conveyance of 
meandering compound channels.
- Sinuosity is undoubtly the parameter that most affects the 
discharge of Zone 2. Comparing sinuosity 1.37 and 2.04, for
natural cross-section and stage 200.0 mm reveals a substantial 
difference of 12%. Sinuosity increases substantially the
interaction mechanisms in Zone 2.

Concerning the discharge in Zone 3, Fig(6.18a) to Fig(6.18c) 
show that the actual discharge is approximately equal to the 
theoretical discharge value in all cases, independently of stage, 
sinuosity and main channel cross-section shape. Hence it was a 
correct assumption, considered by Ervine and Ellis(1987) in their 
one-dimensional model that the flow on the floodplain, outside 
the meander belt is influenced mainly by the bed friction.

6.3 ENERGY EQUATION APPLIED TO MEANDERING COMPOUND
CHANNELS.

6.3.1 Introduction.

Further insight into the behaviour of meandering compound 
flows can be achieved by investigating the distribution of energy 
throughout the flow field. This will point directly to the 
distribution of energy loss through the flow field and hence will 
give a clear idea as to the sources and magnitudes of energy 
loss, over and above boundary friction.

In order to predict the local energy level at every point in 
the flow, accurate depths and at least 2 components of velocity 
are required.

The law of conservation of energy for one-dimensional flow
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was defined by Bernoulli with the equation

H = z  + - 2 -  + a ( 6 . 1 5 )

where H is the total energy; z the elevation above a datum; p is 
the pressure; r is the fluid specific weight; p/y is the pressure 
head; u is the streamline velocity; u /2g is the kinetic energy; 
g is the acceleration of gravity; and a is the energy coefficient 
for the over-all effect of the nonuniform velocity distribution. 
If the pressure distribution is considered hydrostatic, equation 
6.15 becomes

2
H = z + d cos © + a —^  (6.16)

where d is the flow depth and © is the slope angle of the channel 
bottom. For a channel of small slope © = 0« the total energy at 
the channel section is approximated to,

2
H = z + d + ol -4^ (6. 17)

Extending equation 6.17 to a three-dimensional case, as in 
the case of flow in meandering channels,

H = z + d + “rzg + a 2 ~ J g  + “3-Ig (6‘ 18)
where v is the transverse component of the velocity, w is the 
vertical component of velocity; and cci, a2 and <X3 are the energy 
coefficients to correct the non-uniform distribution of velocity 
in streamwise, in the transverse and in the vertical directions.

As mentioned in Chapter 3, in S.E.R.C. Series B the
measurements of the resultant flow velocity and of the stream
angle were carried out only in X-Y plan. Based these
measurements it was possible to calculate only the streamwise
component and the transverse component of the flow velocity.

The energy equation applied by the Author to the S.E.R.C. 
Series B data was equation 6.18, but neglecting the effect of the

412



kinetic energy produced by the vertical component of velocity,

The datum was a slice parallel with the bottom of the floodplain 
and distanced 150.0 mm below the floodplain. In general this 
level corresponds to the base of the main channel at the bend 
apex deepest section.

Mitchell and Griffiths(1980) in their book entitled " The 
Finite Difference Method in Partial Differential Equations"( page 
253) derived an energy equation for a two-dimensional flow case 
which was similar to equation 6.15, applied by the Author.

Although the vertical component of the kinetic energy was 
not taken into account, the Author considers that its effect is 
very small in comparison with the importance of other terms of 
the equation.

The method followed in the calculation of each term of the 
energy equation was as follows:

a) The Sum of The Elevation (relative to datum) and of the Flow 
Depth;( z + d) called the surface level, was performed by a 
Churchill probe, and measured locally throughout the grid for the 
flow field, as described in Chapter 3 Section 3.3.6.

b) Streamwise Component of the kinetic energy: ai —^
Equation 6.9 calculates the value of the streamwise component of 
the velocity at each grid point of each the vertical slice and at 
all cross sections in the flow. At each vertical of the main 
channel and floodplain, the depth-averaged kinetic energy was 
calculated by the following equation,

where j is the index of the vertical and H is the total depth of

2
( 6 . 20 )

2g H
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the vertical j. The value of c^was computed from the distribution 
of velocity with depth over each vertical slice.

2vc) Transverse Component of the kinetic energy: az —^
Equation 6.12 calculates the value of the transverse component of 
the velocity at each grid point of each vertical slice. In each 
vertical of the main channel and of the floodplain, the depth 
averaged kinetic energy was calculated by the following equation,

H 2
2 j V. dh

V o 1 (6.21)j = ----------  v2g 2g

where j is the index of the vertical and H is the total depth of 
the vertical j. oc was computed in a similar manner to a i . The 
calculation of the kinetic energy and total energy was carried 
out by a computer program written in Basic.

6.3.2. Contours of Locally Measured Water Surface Levels

Hardwick(1990/1991) has measured and plotted the contours of 
the local water surface levels for all the case studies of
S.E.R.C. Series B. Some examples are shown in Fig(6.19a), 
Fig(6.19b) and Fig(6.20) for inbank flows of sinuosity 1.37 and
2.04, and for stages 100. 0 mm and 140.0 mm.

Fig(6.21) to Fig(6.23) for overbank cases with smooth 
floodplains, for sinuosity 1.37 and 2.04 and for stage 200.0 mm. 
A complete data set has been produced by Hardwick(1990/1991) and 
is shown here only as one or two examples.
- For the inbank case in Fig(6.19a) and Fig(6.19b), the higher 
surface levels are located near the outer bank beyond the bend 
apex and the lower surface levels are near the inner bank of the 
bend around the bend apex. These findings corroborate the results 
obtained by others researchers.

In the cross-over region the water surface levels are
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approximately constant.
- Fig( 6.20) for sinuosity 2.04 also reveals very high water
levels at the outer bend close to the cross-over point.
- For the overbank cases in Fig(6.21) and Fig(6.23) the highest 
water levels were recorded in the main channel beyond the bend
apex, before the cross-over region.
- The lowest water levels were recorded on the floodplain beyond 
the bend apex, before the cross-over region and just downstream 
of the highest main channel water levels.

This means that very substantial water surface gradients 
exist in this region, straddling the main channel and the 
floodplain junction and behaving almost like a weir type flow 
with water level variations upwards of 10.0 mm over a short 
distances of 1.0 to 2.0 metres. This is very similar to the 
expansion contraction phenomenon described by Jasem(1990) in his 
research into flow over slots in a channel bed.

- Comparing the effect of the cross-section geometry on the 
water surface levels of sinuosity 1.37, in Fig(6.21) and 
Fig(6.22), it is observed that this phenomenon is less pronounced 
in the natural section case. A significant part of the energy 
losses that occur in the main channel of the meander will be 
produced by this type of expansion-contraction phenomenon, which 
may mean that there will be less loss of energy as the aspect 
ratio of the section increases, as was the case of the natural 
cross-section.

- Fig(6.22) and Fig(6.23) reveal the effect of changing 
sinuosity from 1.37 to 2.04 on the water surface levels. There 
are much steeper water level gradients at the higher sinuosity, 
and occurring over greater areas, implying greater energy losses 
due to this phenomenon.

In general the water surface levels produced by Hardwick 
were invaluable in computing the local energy levels.
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6.3.3 Contours of The Total Energy Levels for Meandering
Compound Channels.

Contours of the total energy levels in the meandering 
channels of S.E.R.C. Series B were plotted for the following 
conditions:
- For sinuosity 1.374, for trapezoidal cross section with smooth 
floodplains in Fig(6.24)( for stage 200.0 mm) and in Fig(6.25)( 
for stage 250.0 mm).
- For sinuosity 1.374, for natural cross section with smooth 
floodplains in Fig(6.26)( for stage 140.0 mm), in Fig(6.27) ( for 
stage 165.0 mm), in Fig(6.28)( for stage 200.0 mm) and in 
Fig(6.29)( for stage 250.0 mm).
- For sinuosity 1.374, for natural cross section with fully 
roughened floodplains in Fig(6.30)( for stage 165.0 mm).
- For sinuosity 2.04, for natural section with smooth floodplains in 
Fig(6.31)( for stage 140.0 mm) and in Fig(6.32)(for stage 200.0
mm).

A cursory glance at these graphs reveals immediately that 
the highest energy levels during overbank flow are to be found in 
the inner bend apex region, Zone 3 outside the meander belt 
width, and also at the edge of the downstream floodplain near the 
start of the cross-over region.

Detailed comments on the contours of total energy levels 
will be presented in terms of each parameter, namely:

a) Cross-section geometry of the main channel.
b) Sinuosity.
c) Stage.
d) Floodplain Roughness.

a) Effect of the Cross-Section Geometry:
- Comparison of the trapezoidal cross-section with the natural 
cross-section for sinuosity 1.37 with smooth floodplains and for 
stage 200.0 mm and 250.0 mm, can be seen by comparing Fig(6.24) 
and Fig(6.25) with Fig(6.28) and Fig(6.29).
- The pattern of the contours of the energy levels in both cases
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is very similar. However, comparing Fig(6.24) and Fig(6.28) for 
stage 200.0 mm, the trapezoidal section exhibits slightly higher 
energy levels on the downstream floodplain, near the cross-over 
section, reaching 215.0 mm, compared with a value of 211.0 mm for 
the natural cross section in the same region. Flow is 
accelerating in this region and it is characterized by high 
levels of energy.
- Again comparing Fig(6.24) and Fig(6.28) for stage 200.0 mm, the 
main channel cross-over region, where the flow is decelerating, 
the levels of total energy reach a minimum value of 206.0 mm for 
the trapezoidal cross-section and 204.0 mm for the natural
cross-section.
- In the floodplain area apart from, the zone where flow is 
accelerating, the natural cross-section case and the trapezoidal 
cross-section case exhibit contours of total energy that are very 
similar with an average value between 206.00 mm and 207.0 mm, in 
both cases.

Comparison of the two cross sectional geometries at stage
250.0 mm can be seen in Fig(6.25) and Fig(6.27). The pattern is 
very similar to the 200.0 mm stage except that higher energy
levels are now also to be found on the floodplain completely
outside the meander belt width. This phenomenon is so pronounced 
in Fig(6.25) and Fig(6.27) that the longitudinal contour lines of 
energy appear concentrated exactly along the imaginary edges of 
Zone 2( meander belt width) indicating that this sub-division is 
good at least for higher flow stages.

b) Effect of the Sinuosity:
- Comparison is made first for inbank stage 140. 0 mm of the
sinuosity 1.37 and 2.04 and for the natural cross-section, as
shown in Fig(6.26) and Fig(6.31).
- In both cases the highest levels of total energy, in the main
channel region, are located near the cross-over section, along
the outer downstream bank, being 152.0 mm for sinuosity 1.37 and
149.0 mm for sinuosity 2.04.
- The sinuosity 1.37 gives higher general energy levels because
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of greater velocities than the sinuosity 2.04, at the same flow 
depth.
- Comparison is made for the stage 200.0 mm of the sinuosity 1.37 
and 2.04 for the natural cross-section with smooth floodplains, 
as shown in Fig(6.28) and Fig(6.32).
- The meander channel with sinuosity 2.04 shows much lower levels 
of total energy than the meander with sinuosity 1.37. This is 
primarily due to lower velocities in the 2.04 case, but may also 
be due to inaccuracies in the datum level.
- As result of flow acceleration, there is an increase of the
total energy on the downstream bank of the meander channel with
sinuosity 1.37( 214.0 mm). This phenomenon is less evident in the
meander channel with sinuosity 2.04( 205.0 mm).
- In both cases the highest levels of total energy in the main 
channel region are located in the bend apex section, near the 
inner bank.

c) Effect of the Stage:
- Comparison is made between stages 140.0 mm( an inbank case) and
165.0 mm( an overbank case), for a natural cross-section with
sinuosity 1.37 and with smooth floodplains, as shown in Fig(6.26)
and Fig(6.27).
- In both cases the pattern of contours of the total energy in 
main channel region is similar, with the maximum values located 
along the outer bank of the cross-over region.
- In the bend region, for both stages, the maximum levels are
located along the outer bank of the meander.
- Comparison of stages 165.0 mm and 200.0 mm, for the meander 
channel with sinuosity 1.37, natural cross-section and smooth 
floodplains, is shown Fig(6.27) and Fig(6.28).
- In the main channel region, the pattern of contours of the 
total energy for stage 200.0 mm is different from the one for 
stage 165. 0 mm. For stage 200. 0 mm, the maximum levels of total 
energy are reached in the bend region, near the inner bank, while 
for the stage 165.0 mm, maximum values are near the outer bank of 
the cross-over. Therefore, it seems for stages greater than 165.0
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mm, the flow behaviour in the bend region changes considerably.
- Comparison between stages 200.0 mm and 250.0 mm, for the 
meander channel with sinuosity 1.37, natural cross-section and 
smooth floodplains, is shown Fig(6.28) and Fig(6.29).
- In the main channel both stages show the maximum total energy 
levels at the bend apex near the inner bank.
- On the downstream floodplain, the increase of total energy 
produced by the flow acceleration phenomenon is very clear for 
the stage 200.0 mm, but becomes less evident for the stage 250.0
mm.
- For stage 250.0 mm, the maximum levels of total energy are 
located on both floodplains, outside of the meander belt( 266.0 
mm). This is also a function of the floodplain being as smooth as 
the main channel, which may also occasionally occur in nature.

d) Effect of the Floodplain Roughness.
- Comparison is made for stage 165.0 mm, for sinuosity 1.37, for 
natural cross-section and with smooth floodplains and fully 
roughened floodplains, is given in Fig(6.27) and Fig(6.30). In 
the main channel region, the contour levels of energy are the 
same for both floodplain roughness cases. Therefore, for stage 
165.0, the contour levels of total energy are not affected by the 
floodplain roughness.
- For stage 200.0 mm, for meander channel with sinuosity 1.37, 
with natural cross-section, with increasing floodplain roughness 
from smooth to fully roughened case, it is expected that the 
levels of total energy will diminish in the main channel and in 
the floodplain region, as the floodplain roughness changes from 
smooth case to fully roughened case. These figures are not 
presented in the interests of brevity.

6.3.4. Implications of the Energy Study.

A one-dimensional model of meandering compound flows might 
be achieved by combining the force-momentum equation with
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continuity. This approach will contain several simplifying 
assumptions and approximations.

Another less rigorous approach is to provide estimates for 
the energy loss in each zone of the flow, including friction and 
non-friction terms, relating to the energy gradient available, 
solving for the velocity in each sub-section of the flow and 
integrating to obtain the total discharge for any given stage. 
This approach was used by Ervine and Ellis(1987) and is now being 
developed further at the University of Glasgow, but with a more 
accurate knowledge of the non-friction losses in each part of the 
flow.

6. 4 THE MOMENTUM EQUATION APPLIED TO MEANDERING COMPOUND
CHANNELS.

6.4.1 Introduction.

In this section, however, it was decided to investigate the 
possibility of a two-dimensional force-momentum method applied to 
sub-sections( Blocks) of the meandering compound flow. The 
purpose of this approach is to quantify momentum fluxes, pressure 
forces, body weight forces and boundary shear forces in each 
sub-section, with a view to analysing the net out of balance 
force( known as the apparent shear force) for any trends or 
patterns in a typical meandering compound flow. Clearly, if the 
apparent shear force can be predicted, in general, then the 
force-momentum method can be applied to any case of meandering 
compound.

The measurements in the S.E.R.C. flume were two-dimensional 
(U-V) in general, and hence a two-dimensional approach is taken 
in the application of the force-momentum equation.

In turbulent flows, the conservation of momentum is governed 
by a set of equations known as Reynolds equations which were 
derived from the Navier-Stokes equations. Considering the flow to 
be steady and neglecting the effect of viscosity, these equations
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expressed in cartesian coordinate system are, 
- In the X direction

a x a y a z a x (p + r h) -

-p a u'* a_u/v' + a u'w'a x  a y  a z
In the Y direction

(6.22)

D ” t V ^  + W 3 Va x a y a z a y (p + r h) -

-p a u /v < a x a v a y
/ 2 a v7w ' a z (6.23)

- In the Z direction

u aj7 + v a_2 + w a wa x a y a z a z (p + y h) -

"P a u'w' a w'v7 a w / 2a x a y  a z (6.24)

where:
U, V, and W are the velocity components X, Y and Z directions, 
h is the vertical distance, 
p is the fluid density, 
p is the pressure.
u' , v' , and w' are the components of turbulence in X, Y and Z 
directions.

The same momentum equations expressed in curvilinear 
coordinates system and in terms of instantaneous velocities can 
be written as

421



- In s streamwise direction

a u L 3 u ̂  d u
u  a— ^  +  v  -5— ^  +  w  p — —o s  o n  0 z

In n transverse direction

u v
—  Ir* +p a x (6.25)

a s a n a z u ■A- jU  +  f np a y (6.26)

- In w vertical direction

aw, aw, aw u -s—  + v -=—  + wa s a n a z (6.27)

where u, v and w are the instantaneous components of velocity in 
s, n and w directions; Fs, Fn and Fz are the friction terms 
applied in the three directions; r is the local radius of 
curvature.

Equations 6.25 and 6.26 were further developed by Nelson and 
Smith(1989).

Consider first the momentum equation applied in s direction, 
defined in equation (6.25). Also multiplying the continuity 
equation (6.6) by u

n 9 u + _y_ a(v r) 3 s r a n + u = 0a z (6.6a)

Calculating the derivatives gives

u a s
u a (v r) u v—— + u ; ■ + + ua n

a w a z = 0 (6.6b)

Adding this equation to momentum equation in the s direction 
yields

a u , a u , a u  , 0 u v  , a v  , a w  2u - —-  + v + w -=—  + 2 -------  + u — — + ua s  a n ' " a z

■ - —  S - * + Fsp a x

a n a z
(6.25a)
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Regrouping the partial derivatives of equation (6.25a), gives

3 ( u i 2 a (u v)  3j u w )   1 .  |_ £ _  + Fs (6 . 25b)a s  a n  a z r p a x  v '

Taking long time averages,

a( u  + u' ) a(u + u' ) ( v  + v7) a(u + u /)(w + w /) 
a s  a n  a z

(a + u' )(v * v') ---1. a(P + p:.). + Fs (6 25c)r p a s  v '

Simplifying equation 6.25c gives,

a u 2 a(u  v )  a(u  w) , „ u v  _ 1 a p
a~s + "a""n + a z + 2 r ------- “ p-  “ T T  + Fs

_ a u _ w l  _ 2 u ^ l  (625d)
a s an a z r

Comparing the cartesian frame( equation 6.22) with the 
curvilinear system( equation 6.25d) in the s direction, there are
two additional terms: 2(UV)/r on the left hand side and 2(u/v')/r 
on the right hand side.

Similarly, if the continuity equation was multiplied by v 
and applying a similar procedure to the momentum equation in n 
direction, the following equation will be obtained

a(Ov) . a v  2 . a(u  w) v 2-  u 2_ ___1 a p _
a s  a n  a z  r p a s

-  d  u , v /  _  a(u/ )2 9 v'v' _ (v7 )2- (u/ )2 (6 26a)a s  an a z  r \ • j

Comparing the cartesian frame( equation 6.23) with the 
curvilinear system( equation 6.26A) in the n direction, it can be 
seen that there is two additional terms: (V - U 2)/r on left hand
side and -[(v')-(u')2]/r on the right hand side.
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The reason foY" deriving both sets of equations is connected 
with the fact that a lot of the floodplain flow follows the 
standard cartesian frame work, whereas the bend flow 
especially in the main channel are better suited to the 
curvilinear flows system.

6.4.2 The Momentum Equation Applied to the S.E.R.C. Flume
Series B Data with Sinuosity 1.374.

The momentum equations defined by equations (6.22) in the x 
direction, equation (6.23) in the y direction and equation 
(6.25d) in the S direction were applied to the meandering channel 
of the S.E.R.C. flume with sinuosity 1.374. The momentum 
equations in the X and Y directions were applied in the
floodplain region whereas the momentum equation in the S 
direction was applied in the main channel region. To ease the 
calculations of the several terms of the momentum equation, half 
of the wave length of the meander channel shown in Fig(6.33) was
divided into nine blocks, six on the floodplain and three in the
main channel region. Blocks 1, 2 and 3 are on the upstream
floodplain, 4 ,5, and 6 on the downstream floodplain, and 7,8, 
and 9 in the main channel. The U, velocity component, represent 
the longitudinal component on the floodplain and the streamwise 
component in the main channel. The velocity component V 
represents the transverse velocity on the floodplain or the 
spanwise component in the main channel, normal to the main 
channel walls.

Although the application of the force-momentum equation was 
applied only for one sinuosity, it was decided to apply it to as 
broad a range of tests as possible, including the trapezoidal and 
natural main channel cross-sections, smooth and rough 
floodplains, inbank and overbank flows, as well as full range of 
stages up to 250.0 mm tested in detail.

As a minimum condition, the application of the 
force-momentum equation in this form requires a knowledge of
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local water levels, accurate bed slopes, boundary shear stress 
measurements, velocity components in two directions and other 
relevant data.

6.4.3. The Momentum Equation Applied to the Floodplain Region 
in The X Direction.

The floodplain region of the meandering channel with
sinuosity 1.37 is shown in Fig(6.33) divided into six blocks. In
each block the momentum equation in the X direction, defined by
equation (6.22), was applied. The upper and the lower limits of
the equation were the channel bottom and the free water surface.
These boundary conditions allow a simplification of some of the

d Uterms of equation (6.22). For instance the term W - is
eliminated because the W component of velocity is zero at the
channel bottom and at the water surface. The turbulent term
— q~z—  / when integrated between the channel bottom and the water
surface reduces to the bottom shear stress t which was measuredo
in detail by the Preston tube. The turbulent intensities on the
floodplain are very small, thus terms that contain the turbulent 

d u , ̂intensities( ) can be neglected. The second turbulent term

S u ' v 1(—q— — ) when depth integrated will produce the lateral shear 
term z^ , which, as evidenced by Knight (1999), is very 
significant for straight compound channels. Considering these 
simplifications, equation (6.22) reduces to

U + V —a x  ay (p + y h) - z - z (6.22a)a x ^ o XY

Based on the measurements of the resultant flow velocity, 
streamline angles, boundary shear stress and local water levels 
carried out in the S.E.R.C. flume, the following terms of the 
momentum equation above are known:
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. TJ — 3--- and V are the momentum flux terms. These terms5 x  a y
are sketched in Fig(6.34). In meandering channels with overbank 
flow both terms are important. The second term was calculated at 
the boundaries of the main channel with the floodplain and 
represents the effect of secondary flow. The component V( the 
spanwise component of velocity) for overbank flow becomes very 
significant, as the strength of the secondary cells in the main 
channel region increases considerably in comparison with an 
inbank case.

- d y*1 the body weight component term. From accurate 
measurements of local water levels, knowing the cross-section 
geometry and the bottom slope of the floodplain, the body weight 
component force can be easily computed. Fig( 6.35) shows the body 
weight component for each block.

- is the boundary shear stress component which has been
measured on the floodplain over various cross-sections. 
Integrating these values over each block area, the total boundary 
shear force can be calculated, for each block. Fig(6.35) shows 
the boundary shear forces for each block.

r\ _
. - is the pressure component term. From measurements of
local water levels and assuming that the pressure distribution is 
hydrostatic, the pressure forces can be calculated. Fig( 6.36) 
shows the pressure forces for each block, and a hydrostatic 
pressure distribution with depth is assumed reasonable at least 
for floodplain flows.

r is the lateral shear stress and the only unknown term in
X  Y J

the momentum equation in the x direction, applied to the 
floodplain region. Integrating the lateral shear stress in the 
vertical plane will produce the lateral shear force. This term 
will be included under the umbrella of a general term called 
"Apparent Shear Force". Previous researchers have used this
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concept to include unknown terms of the momentum equation, 
applied to straight and to skewed compound channels. Fig(6.37) 
shows the apparent shear force terms for each block assumed to be 
operating in the boundaries of the main channel/floodplain 
junction, in a vertical plane and in the x direction

A detailed description of the method followed in the 
computation of each term of the momentum equation will be 
demonstrated for the case of block 1. The method followed for the 
other blocks was identical. The demonstration will be made for 
the test conditions: stage 200.0 mm; natural cross-section; and
smooth floodplain.

Momentum Equation applied in BLOCK 1

(i) Calculation of the momentum flux at the upstream side,
M = p  U U An  r i i i i n
Based G.n actual data, the water depths were averaged.
A = 6.854 * 0.0468 = 0.32 m2 
U = 0.1275/0.32 = 0.398 m/s
M = 1000 * 0.398* 0.1275 = 50.7 N

(ii) Calculation of the momentum flux at the downstream side,
M = p  U U A12 ^  1 2 1 2 12
A = 6.24 * 0.0445 = 0.2778 m212
U = 0.104/0.2778 = 0.374 m/s12
M = 1000 * 0.374 * 0.104 = 38.9 N12
It should be pointed out

(iii) Calculation of the momentum flux M 13
It should be pointed out in the clearest possible terms that M 13 
is the momentum flux leaving the curved boundary of Block 1( at 
the junction with the main channel), and resolved in the 
longitudinal x direction.
This term was computed from a knowledge of the velocity Vi normal 
to this curved boundary and normal to the main channel local 
direction.
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M was calculated by applying the following method:
- The radial component of velocity V in each vertical along the 
boundary of the floodplain and main channel was calculated using 
equation (6. 12).
- The term (V2)was depth-averaged in each vertical located around 
the perimeter of the bend for Block 1.

V = i

i=n-1
( v2+v2 ) ( H i - H i + i ) / 2i=l i i + 1 ' v ' '

H
(6.28)

■ The momentum flux M = p V V A was calculated using
1 3  1 3  1 3  1 3  3

J =  m  - 1 ____

p v2 A = \ f V2 + V2 1 f A Y H h  + H 1/4 (6. 29)r 1 3  1 3  / ( J  J + l  J ( J  - J + lJ ( J  J + l  J ' V '

where A Y  is the projection on y axis of the curve between j— j+i J
vertical j  and j + i , H  and H  are the depths of verticals j  andj j + i *
j + i . Fig(6.38) illustrates the procedure followed in the 
calculation of AY.
In essence p V23Ai3is the momentum flux leaving the floodplain 
Block 1, along the curved length, and projected on to an area A 13 
which from Fig(6.38) is equal to Ay times the floodplain depth. 
For this particular block 1,
M = p V V A = 3.46 N

1 3  r  1 3 1 3  13

(iv) Calculation of the momentum flux Mi4
Q  UM is the momentum flux from V -=--- term, in the x direction and

1 4  o  Y
applied again at the main channel/floodplain junction. It was 
calculated by a method similar to one used for M above.J 13

The velocity components U and V in each point on the 
verticals, located at the boundaries of the floodplain/main 
channel, were calculated using equations (6.9) and (6.12).
- The term (UV) was depth averaged for each vertical, located 
around the perimeter of the bend,
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I
i=n- 1

y u  , ^ V1U1tV1>1U»>i(H‘-Hltl>/2 (6.30)
HJ

- The momentum flux M = p V U A  ̂ was calculated by
1 4  1 4  1 4  1 4

J  =  m  - 1

} jmi ( + + 1 ) ( A X, -  J  ( H; + HJ /4

(6.31)
where A X  is the projection on x axis of the curve between j-j+i J
vertical j and j+i. H and H are the depths of verticals j and' j j + i r
j+i. Fig(6.38) illustrates the procedure followed in the 
calculation of AX. Ai4 represents the length Ax times the 
floodplain depth.
For Block 1,
M = p V V A = 5. 0 N

1 4  ^  1 4  1 4  1 4

(v) Calculation of the Body Weight in Block 1.
Average Depth = 0.047 m 
Area = 12.13 m2 
Slope = 0.996 * 10"3

BWi = 12.13 * 0.047 * 0.996 * 10"3* 104 = 5.7 N

(vi) Calculation of Boundary Shear Force in Block 1.
The boundary shear stress was measured by the Preston tube in a 
staggered grid( 1 metre intervals). In each section the average 
value was calculated and averaged again by the value obtained in 
the next section. This average value was multiplied by the area 
between the two sections giving the boundary shear force for that 
particular region. Finally, the procedure was extended to the 
others regions until the entire area of block 1 was completed.
The equation used for the calculation of the average value of the 
boundary shear stress of a particular section was:
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K= p-1

(T + Z  ) ( A 1 )v K K+l K—K+l
= ----—  2 L--------- <6'32>s

where k is the index of the vertical where the measurements took 
place; p is the number of verticals of the section; the
boundary shear stress measured at the vertical k; - A1 is the

*  K—K+l
distance between the vertical k and k+l; Lg is the total length 
of the section s; and t s is the average boundary shear stress of 
section s.
The equation used for the calculation of the boundary shear force 
applied in block 1 was

s= r -1

(r +r ) ( A A )2 s S+l 1 v s-s+i
BSF1 = — — ---- 5------------  (6.33)

where s is the index of the section and R is the total number of 
sect 
k+l.
sections of block 1; A A is the area between sections k ands-s+i

The boundary shear force for this particular case was 
calculated using a computer programme with the result,
BSF = 5. 2 Ni

(vii) Calculation of Pressure Force:
The pressure distribution was considered hydrostatic and the 
pressure force was calculated based on actual water depths. The 
results obtained were:
PF = 76.6 N ; PF = 66.8 N ; PF = 12.8 N

1 1  1 2  ' 1 3

(viii) The Momentum Equation Applied to Block 1
Having considered all the terms in the force-momentum equation 
which can be computed from the data, it is now possible to write 
the equation of the momentum balance for Block 1. This is given 
by
M 12+ M13+ M 14_ M n  = BWr  BSFi + PFi7 PFiiPFi5 ASFX! (6.22b)
38.9 + 3.5 + 5.0 - 50.7 = 5.7 - 5.2 + 76.6 - 66.8 - 12.8 + ASFXl
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-3.3 = -2.5 + ASFX1
ASFX = -0.8 Nl
where ASFXi is the apparent shear force( out of balance force) in 
the x direction.

Exactly the same procedure was carried out for all six flood 
plain blocks, Block 1 to 6 shown in Fig(6.33) in the x direction. 
The results are given below for the apparent shear force in the x 
direction. The results are given below for the apparent shear 
force in the x direction for each block

Upstream Flood Plain Downstream Floodplain
Block 1 ASFx = -0.8 N Block 4 ASFx = 2.7 N
Block 2 ASFx = 2.2 N Block 5 ASFx = -5.3 N
Block 3 ASFx = 1.0 N Block 6 ASFx = -5.5 N

The values above for the particular case of sinuosity 1.37, 
natural cross-section, smooth floodplains and stage 200.0 mm, 
reveal

(i) Apparent shear force at a maximum at Block 5 and 6 
indicating areas of greatest momentum transfer.

(ii) Positive ASFx terms indicate momentum transfer in the 
downstream direction and negative in the upstream direction.

(iii) The apparent shear force for blocks 1, 3, 4, and 6
included not only the turbulence terms( not measured) but also 
the acceleration term +2UV/r which is difficult to estimate. The 
apparent shear force of blocks 2 and 5 is essentially the 
Reynolds shear stress term t .xy

6.4.4. General Application of the Force-Momentum Equation in 
the X-Direction on the Floodplains.

The calculation and discussion above was carried out for a 
very specific case where the boundary shear force was measured at 
every point on the floodplain hence was able to provide accurate
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integrations of boundary shear force. This was not the case for 
all other geometries tested and hence a difficult method would 
need to be found to estimate boundary shear.

An inspection of the data in 6.4.3, above, revealed that on 
the upstream floodplain, the boundary shear forces were almost in 
balance with the body weight, whereas on the downstream 
floodplain the boundary shear force was usually slightly greater 
than the body weight. This phenomenon could be reflected in other 
geometries estimates of the boundary shear force. However, it was 
decided for all other geometries to equate body weight with 
boundary shear force on the floodplain, this being the most 
rational approach to any model being developed.

Exactly the same approach was taken for the pressure terms 
Pi, P2 and P3. Although these terms are very large for each block 
as seen by inspection of equation( 6.22b), they would require an 
a priori knowledge of local flow depth at every point in the flow 
for accurate estimate. It was found that the hydrostatic pressure 
terms usually balanced on the floodplain and hence any 
force-momentum model could reflect this.

With this in mind, the full data set for the application of 
force-momentum to the floodplains, for all geometries is given in 
detail in Appendix IV and in summary form in Table (6.2). The 
detailed data in Appendix IV gives the magnitude of each term in 
the force momentum equation.

The following conclusions can be noted from Appendix IV:

(i) In the interest of clarity it was decided to plot the 
apparent shear force graphically from Appendix IV thus enabling a 
visualization of any trends in ASFx. This procedure is plotted in 
Fig(6.38a) for Block 1 and 4 together and in Fig(6.38b) for Block 
2 and 5 together.

(ii) The figures reveal no discernible trend in Apparent shear 
force with stage. This is disappointing because if no trend is 
apparent, then therevno way to systematically estimate apparent 
shear , and hence its magnitude is unknown for any given meander
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geometry.

(iii) Comparing Block 1 with Block 4 reveals greater apparent 
shear forces at Block 1 inner bend and less at the outer bend. 
This is to be expected. Also the trapezoidal cross-section 
section appears to generate much greater Apparent shear force 
than natural cross-section.

(iv) Block 2 at the cross-over region produces little apparent 
shear force compared with Block 5 at the downstream cross-over 
region.

(v) In general, rough floodplains tend to produce more 
positive apparent shear forces implying momentum transfer from 
main channel to floodplain as might be expected.

(vi) It seems therefore that apparent shear stress variesWn«considerably withvaistance around the meander from apex to apex, 
with no discernible pattern.

(vii) The first conclusion, therefore is that this form of 
force-momentum equation is not satisfactory for high three 
dimensional compound flows. It can only be applied accurately 
knowing boundary shear stress, local flow depths, local 
velocities body weight, and from a knowledge of the turbulence 
terms involved in the apparent shear force term. The later is 
unknown and has no discernible trend.

(ix) This leaves the stark conclusion, that full 
three-dimensional numerical modelling is probably required 
including estimates of turbulence terms.

Two dimensional depth averaged modelling will miss some 
important features of the flow, although may be adjusted to 
provide reasonable answers.

One-dimensional modelling may be possible using the approach 
of Ervine and Ellis(1987) but will require an accurate
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distribution of energy losses in each part of the flow field.
A one-dimensional force-momentum model might have pressures 

in balance, body weight equal to boundary shear force but will 
require the knowledge of turbulence term which not being 
predicted can only be provided by accurate measurement. Therefore 
not knowing flow depth or discharge as well as the effect of 
turbulence term, this approach is not suitable to model 
meandering compound flows.

6.4.5. The Momentum Equation Applied to the Floodplain Region 
in The Y Direction.

The known terms in the momentum equation applied in the y 
direction are:
- the momentum fluxes, shown in Fig(6.39), are referred to as Ms 
and M6.
- the body weight which does not have any effect in the y 
direction.
- the boundary shear force that is very small in the y direction.
- the effect of pressure force that was considered negligible in 
y direction. This assumes small variations in the local water 
level laterally on the floodplain.

The unknown term is again the turbulent shear which will be 
included inside the apparent shear force in Y direction. The 
apparent shear force term of each block in the y-direction is 
sketched in Fig(6.37). The momentum equation was applied between 
the bottom of the floodplain and the water surface. Neglecting 
the effect of the body weight, the boundary shear stress, and 
pressure force and considering turbulent shear to be contained in 
the apparent shear force term, Equation 6.23 was simplified, 
giving

— d v , — d vu ^--  + v ̂ —d x 9 y = ASFy (6.23a)
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where ASFy is the apparent shear force in y direction.
The demonstration of the application of momentum equation in 

Y direction will be made for the block 1 for the same test 
conditions as before, namely a sinuosity 1.374, smooth 
floodplains, natural cross-section and stage 200.0 mm.

Momentum Equation applied to BLOCK 1

(i) Calculation of the Momentum Flux leaving the Curved Boundary 
in the y-direction,
M = p V V A

1 5  r  1 5  1 5  1 5
M was calculated by applying the following method:
- The spanwise component of velocity V in each vertical along 
the boundaries of the main channel was calculated using equation 
(6.12). _
- The term (V^)was depth-averaged for each vertical, located 
around the perimeter of the bend using equation (6.28).
- The momentum flux M = p V V A was calculated from the

1 5  r  1 5  1 5  1 5
following equation

J  =  m  - 1

p V2 A = \ f V2 + V2 1 f A X ) (h + H 1 /4 (6. 34)
^  1 5  1 5  Z J _ 1 l J  J + l J  ( J  —  J + l J  ( J  J + l  J  ' v '

where A X  is the projection on x axis of the curve between j— j+i J
vertical j and j+i, Hj and Hj+iare the depths of verticals j and 
j+i. Fig(6.38) illustrates the procedure followed in the 
calculation of AX shows the projected area A . All the* J 15
calculations were carried out by a computer programme.
M = p V V A = 3. 8 N

1 5  ^  1 5  1 5  1 5

(ii) M is the momentum flux at the curved boundary due to the
16

term U( dV/dx) and resolved in the y direction.
M = p V U A

1 6  r  1 6 1 6 16
M was calculated by a method similar to the one used for M :

1 6  1  1 5
The velocity components U. and V at each point of the 

verticals, located at the boundaries of the main channel, were 
calculated from equations (6.9) and (6.12).
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- From equation (6.30), the term (UV) was depth averaged at each
vertical around the perimeter of the bend.
- The momentum flux M = p V U A was calculated from the

1 6  ^  1 6  1 6 1 6
following equation

J  =  m  - 1

pV U A = ^ f v U + V U  If A Y If H + H 1 /416 16 16 Z j  _ j I J J+1Jl J  “  J + lJ ( J  J + l  J

(6.35)
where A Y  is the projection on v axis of the curve betweenj-j+i 2
vertical j and j+i, H and H are the depths of verticals j and' j j+i *
j+i. Fig(6.38) illustrates the procedure followed in the
calculation of AY and shows the projected area Ai6.
M = p V V A = 3. 5 N 

16  r  1 6  1 6  1 6

(iii) The Momentum Equation Applied to Block 1 becomes,
M i S + < -  M 1 6 > “  A S F Y 1
3.8 - 3.5 = ASFY1
0.3 = ASFY

l
ASFY = 0.3 Nl
There is an explanation for the signs used in the momentum 
equation applied on the left floodplain in the y direction. The 
momentum flux pVVA( M ) is leaving the block and its projection

1 5
in the y direction is positive. Therefore its sign is positive. 
The momentum flux pUVA( Mifi) is leaving the block as well but its
projection in the y direction is negative. Therefore its sign is
negative. On the left floodplain pVVA is positive and pUVA is
negative. On the right floodplain pVVA is negative and pUVA is
positive.

Exactly the same procedure has been carried out for all six 
floodplain blocks for this particular test run. Their values of 
apparent shear stress in the y direction are summarised as 
follows

436



Upstream Floodplain 
Block ASFy

Downstream Floodplain 
Block ASFyASFy 

-0. 9 N1 0. 3 N 4
2 - 1. 8 5 2. 3 N
3 -0. 3 6 1. 2 N

These findings show that the maximum values of the apparent shear 
force in y the direction are located in the cross-over regions ( 
Block 2 and 5).

Appendix V shows the results in detail for the force 
momentum equation in y direction. These results are also 
presented in summary in Table (6.2) highlighting values of
apparent shear force.

It is interesting again with the data of Appendix V to plot 
the results of ASFy with stage, for each block and test 
condition. The result is shown in Fig(6.39a) with Blocks 1 and 4 
plotted and in Fig(6.39b) with Blocks 2 and 5 plotted together. 

The following points can be noted:

(i) Again there is no real pattern to the emerging values of 
apparent shear force with depth.

(ii) Blocks 2 and 5 at the cross-over region give high values of 
apparent shear force for all geometries and boundary roughness 
and especially at greater flow depths.

(iii) Block 1 produces small apparent shear forces generally 
whereas Block 4 on the opposite outer bank produces large forces 
for the rough case( momentum to the floodplain) and large forces 
for the trapezoidal case( momentum from the floodplain).

(iv) Again there is no systematic pattern emerging which means 
that the apparent shear force will be difficult to estimate for 
each geometry and flow depth, and hence full three-dimensional 
numerical modelling with a turbulence model may be required.

Again the one-dimensional energy method may be worthwhile 
pursuing for crude estimates of discharge capacity.
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6.4.6. The Momentum Equation Applied to the Main Channel

The momentum equation was also applied in the S direction of 
the main channel region of the S.E.R.C. flume, sinuosity 1.37.

The main channel region, as shown in Fig(6.33), was split 
into three blocks, 7, 8 and 9 respectively. The momentum equation 
applied was defined by Equation (6.25d), Considering each term of 
equation (6.25d) in turn:

  p\ TT- U d This term is very significant and was computed based on 
measurements of resultant velocity and stream angles. U is the
streamwise component of velocity parallel to main channel walls 
in the main channel. This momentum flux is sketched in Fig(6.40) 
and denoted as M , M , etc.

7  1 7  2

  O  TT- V -q—— This term represents the effect of secondary currents in 
the main channel region. The spanwise component( normal to main 
channel walls) of velocity, V, becomes very significant for 
overbank flow, as the strength of secondary currents increases 
substantially compared with an inbank case. This momentum flux is 
sketched in Fig(6.40).

  Q TJ- W — - As the momentum equation was integrated between the 
channel bottom and the water surface and the net vertical 
component of velocity, W, in those limits is zero. Therefore,
this term can be eliminated.

- 2 This term represents the convective acceleration and it
is very important in overbank flows in the bend region where the

velocity component V can be significant and the
radius of the streamlines r is small. In the cross-over region 
this term is zero because r = oo.

1 3 ID— — The pressure term is very important in meandering 
compound flows because local water levels are changing as
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result of the effects of flow deceleration, acceleration and 
centrifugal force. The pressure term includes the pressure force 
and the body weight. The pressure distribution is not necessarily 
hydrostatic. For instance in the cross-over region the floodplain 
flow can separate from the upstream bank, forming a strong 
circulation and plunging flows in the main channel. This can rise 
to non-hydrostatic flows but because the effect is difficult to 
quantify as the floodplain flow and the vertical components of 
velocities are very small, the pressure field was assumed 
hydrostatic.

Another aspect that affects the calculation of the pressure 
force of the natural meander channel, in the s direction, is the 
geometric shape of the cross-section and longitudinal bed slope 
over the pool( bend) and riffle(cross-over) sequences. For the 
natural case, the geometry of the cross-section is changing along 
the bend, between a pronounced asymmetric shape, at bend apex, 
with large depths near the outer bank and shallow depths near the 
inner bank and a trapezoidal section, at cross-over section. This 
is a pool to riffle length and is characterised by a local
adverse bed slope. The body weight component in the s direction, 
sketched in Fig(6.41), is very complicated. The complication is 
primarily that in moving from bend apex section to cross-over 
region, the outer part of the bend moves from a depth of 150.0 mm
to 89.0 mm an adverse gradient, whereas at the inner part of the
bend, the bed moves from a depth 45.0 mm to a depth of 89.0 mm at 
the cross-over, giving a positive slope. A range of bed slopes 
exist over this length, although the overall main channel bed
slope from apex to apex remains constant at 0.001/1.374. A method 
was developed by the Author to calculate not only the body weight 
component in the s direction at the bend region but also the 
cross-over slope. This method will be described later in section 
6.4. 7.

d u'"2- d ■—  Turbulent intensities in general vary only slightly in 
the streamwise direction. In meandering compound flows however 
this may not necessarily be the case. Ervine and Jasem(1992),
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0 I
based CLn Kiely( 1989)9 s results, pointed out that u'-̂ —  is

  3 TT OSapproximately 10% of U ^ . This term was neglected in the
Author's analysis.

- - d n—  This term is the Reynolds lateral shear usually 
represented by r . It has been shown by Knight (1999), to bexy
important in straight compound channels. Elliot and Sellin(1990) 
have shown that for skew compound flows with e less than 10° 
cross-over angle that is less significant than the straight
compound cases. Here z term will be considered unknown andx y
included in the apparent shear force.

- - q z—  As the momentum equation was integrated between the 
channel bottom and the water surface, this term reduces to bottom 
shear stress, usually represented by t . The bottom shear stress 
was measured by a Preston tube in the s direction. The 
integration of the boundary shear stress over the block area will 
produce a boundary shear force in the s direction, sketched in 
Fig(6.4 1 ) .

u' V '- 2 — -—  This term is important in the bend region and will be 
included as an unknown term in the apparent shear force. In the 
cross-over region this term is zero because r = oo. The value of 
radius r used in the calculation was the local radius of each 
vertical slice where measurements of velocities and streamlines 
were taken.
Considering the above simplifications, equation (6.25d) reduces 
to

a u 2 a(u v) 9 u v = _ _ i _  a p _
3 s  3 n  r p a  s

- T 2 (6. 25e)an o r

Considering that ASTgis the apparent shear term for the bend 
region which includes the unknown lateral shear term, and the

440



11 * V ̂term 2 — —— , then equation (6.25e) becomes

a j  2+ 8(U_71 + 2 - O -------L. « X _ T  - AST ( 6. 25f)a s a n r p a  s o  s v

For the cross-over region the bend radius r = co, then the 
apparent shear stress in this region includes only the lateral 
shear term.

6.4.7. Application of Force-Momentum Equation to an Inbank
Flow in the Natural Main Channel.

To apply the momentum equation in the s direction in the 
main channel region, for the particular case of the natural 
meander channel, presents a difficulty concerning the calculation 
of the body weight component. The natural main channel 
cross-section geometry is changing longitudinally and 
transversely, as already explained, and therefore it is very 
complicated to calculate the body weight from measurements of 
water levels and from estimated values of bed slope. In order to 
overcame this difficulty, the momentum equation in the s 
direction was applied first to an inbank case where the only 
unknown is the body weight. The demonstration will be made for 
stage 140.00 mm, and details will be given for blocks 7 (upstream 
bend region) and 8( cross-over region). Application of the 
momentum equation in the s direction to an inbank case has 
another advantage, namely is the calibration of the bed slope in 
the cross-over section, as well.

Inbank Case of the natural meander channel : Stage 140.00 mm 

Momentum Equation Applied to Block 7( Upstream Bend Region)

(i) Calculation of Momentum Flux:
M = p U U A

7 1  r  7 1  7 1  7 1
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This momentum flux, as shown in Fig(6.40), was calculated by 
applying the following procedure:

The main channel streamwise component was calculated by 
equation (6.9) at each point of the vertical measurement slice.
- The square of the streamwise component U i was depth averaged in 
each vertical of the section by

i = n -  1

/ (u2+u 2 ) ( H i - H i + i ) /2u i=l i 1 + 1~2 _ ^ i=i vur ui*i'vni (6.36)
Hj

■ The momentum flux M = p U U A was computed through
7 1  7 1  7 1  7 1  3

J =  m - 1

p u2 A = \ f u2 + u2 ) [ A 1 1 [h + H 1/4 (6. 37)
^  7 1  7 1  L j ^  I J  J + 1 J I J  “ J + l  J ( J  J + l  J

where A 1 is the distance between the verticals of the mainj-j+i
channel cross-section and the meaning of the remaining parameters 
were previous described.

All the calculations were performed through a computer 
program written in Basic. The results were 
M = p U U A = 14.8 N

7 1  r  7 1  7 1  7 1

(ii) The momentum flux at the downstream end of the block is M (
7 2

Fig(6.42)).
M was calculated by a method similar to the one described for

7 2  J
M .

7 1

M = p U U A = 13.9 N
7 2  7  2  7 2  7 2

(iii) The Force Produced by the Acceleration 2 — — —  p was
UV rcalculated using the expression 2 — -— pVol in two steps. First

it was calculated for each section,
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J  =  m -  1

J J + l

(6.38)
where A is the cross-section area, rj is the central radius of
the vertical J; A X is the distance between verticals; H is 

'  j - j + i  j

the water depth of vertical J.

cross-sections, it was multiplied by an average perimeter, 
producing the force between these two cross-sections. This 
procedure was extended to entire bend. The result for Block 7 was

UV2 — —  p Vol. = 1. 12 N r

(iv) Calculation of the Boundary Shear Force.
The perimeter of each main channel cross-section was split into 
five reaches. In each reach, the boundary shear stress, measured 
by the Preston tube, was averaged and multiplied by the 
corresponding length of the reach. This value was averaged again 
with the corresponding one of the next section and multiplied by 
the average perimeter, giving the average boundary shear force of 
that area between two sections. The procedure was extended to the 
full bottom and sides wall area of the main channel region, 
yielding the boundary shear force in the s direction. For this 
particular example, the result gave 
BSF = 1.58 N

7

(v) Calculation of Pressure Force.
Based on the detailed water level measurements, and assuming that 
the pressure distribution is hydrostatic, the pressure forces 
that acts perpendicular to the main channel cross-sections at the 
limits of the blocks were calculated by a computer program and 
the results were:
PF = 41 N ; PF = 34. 5 N

7 1  7 2

Once the term 2p ----  A was calculated for each main channelr
cross-section and averaged between two consecutive
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(vi) Finally the momentum equation applied to Block 7 for the 
inbank case became,
M - M + 2  p — - Vol. = BW - BSF + PF - PF

7 2  7 1  r  7  7  7 1  7 2
13.9 - 14.8 - 1.12 = BW - 1.58 + 41 - 34.5

7

-2.02 = 4.9 + BW
7

BW7= - 6.94 N, where BW? is the net body weight in the streamwise 
direction.
There is a good explanation why the body weight component in the 
s direction is negative. In the deep areas of the bend( near the 
outer bank) the channel bottom slope is negative( adverse slope) 
towards the cross-over region( pool — > riffle) while in the 
shallower areas( near the inner bank) the bottom slope is 
positive. As the negative slope is much greater than the positive 
slope, the negative component is greater than the positive 
component of the body weight, giving a net negative value for the 
resultant body weight.

(vii) Momentum Equation applied to Block 8 at the Cross-Over 
Region

The same procedure as (i) to (vi), above, was carried out 
for the cross-over region, for the same case of inbank flow, 
depth of 140.0 mm and natural cross-section.

Boundary shear forces, pressure forces and momentum fluxes 
were again computed to produce a final net estimate of the body 
weight, BW , in the cross-over region.

The final answer was BW = 1.27 N.8
This is a positive value in the streamwise direction, which is 
very feasible in view of the fact in the upstream part of Block 8 
the bed slope is adverse, in downstream part it is positive and 
also the whole main channel region is on a net positive slope of 
0.00096/1.374 = 7.2*10'4.

In fact knowing the body weight component over Block 8 it is 
possible to compute its effective bed slope from the total water 
volume and length of Block 8. The equivalent bed slope is 
1.27/ (0. 217*104) = 5. 85*10-4

This is a little less than the overall average for the main
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channel slope from apex to apex, namely 7*10~4m, but is also a 
little greater than the other estimate for the cross-over region( 
floodplain slope* 60°) giving 4. 98*10~4.

(viii) Momentum Equation Applied at Block 9( Downstream Bend 
Region)
Finally the force-momentum equation was applied to Block 9 for 
the same inbank flow.
The momentum equation applied to Block 9 is:
M - M + 2 p ^ Vol. = BW - BSF + PF - PF

9 2  9 1  r  9  9  9 1  9 2
14.8 - 13.9 - 0.95 = BW - 1.65 + 34.5 - 41.0

9
-0.05 = -8.15 + BW

9
BW = +8.1 N

9

In this case the shallower part and the deeper part of bend both 
have a positive slope, and combining with the overall main 
channel positive slope gives a body weight component which is 
greater in absolute value than the one obtained for the upstream 
bend( in block 7 the body weight component was equal to -6.94 N).

It should be noted that body weights computed by this method 
for inbank flows, provided a very useful method to estimate and 
compute body weights for the over bank case described below.

6.4.8. Force Momentum Equation for the Main Channel Region 
During Overbank Flow.

This procedure was carried out for the same scenario as the 
floodplains in sections 6.4.4 and 6.4.6, for the case of a 1.37 
sinuosity, depth of 200.0 mm, smooth floodplains and natural 
cross-section.

Again Blocks 7, 8 and 9 were involved, with the calculation 
for Block 7 in detail below.
Calculation of Momentum Fluxes in and out of Block 7:
(i) M = p U U A = 25. 1 N

7 1  7 1  7 1  7 1

(ii) M = p U U A = 12. 1 N
7 2  7  2  7 2  7 2
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These momentum fluxes were calculated following a procedure 
similar to the one described for the inbank case.

(iii) M = p U V A
7 3  7  3  7 3  7 3

This is shown in Fig(6. 40), and is the momentum flux that acts 
tangentially at the limits of the inner bank of the bend. The 
procedure followed in its calculation was as follows,
- This main channel streamwise and spanwise components were
calculated by equation (6.9) and (6.12) at each point of each
vertical slice.
- Using equation (6.30), the term (UV) was depth averaged at each
vertical, located around the perimeter of the inner bend.
- The momentum flux M = p V U A was calculated from

7 3  ^  7  3  7  3  7 3

J = m - 1
p v u a  = ^ f v u + v u  H a p  If h + h ]/4

7  3  7  3  7  3  Z j  _  j  I  J  J + 1 J l  J + 1 J I  J  J + 1 J

(6.35)
where A P is the perimeter of the inner bank curve between

j - j + i  *

vertical j and j+i, H and H are the depths of verticals j and
'  j  j+i *

j+i. The calculations were carried out by a computer programme
and the result was

M = p V U A = 6. 4 N
7 3  ^  7  3  7  3  7 3

(iv) M = p V U A
' 7 4  7  4  7  4  7 4

This momentum flux, as sketched in Fig(6.42), acts as well
tangentially at the limits of the outer bank of the bend. The
procedure followed in its calculation was similar to the one made 
for M . The result obtained was

7  3

M = p V U A = 10. 8 N
7 4  r  7  4  7  4  7 4

(v) Calculation of the Force Produced by the Acceleration

A procedure similar to one used for the inbank case was used and 
the result was
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2 - - p Vol. = 9. 2 Nr K

(vi) Calculation of the Boundary Shear Force from Boundary Shear 
Stress Measurements:
BSF? = 1.1 N

(vii) Calculation of Pressure Force:
PF?i = 107.8 N ; P F 72 = 102.4 N

(viii) Calculation of the Body Weight Force:
The body weight force between the channel bottom and stage
140.0 mm is -6.94 N as discussed in section 6.4.7.
The body weight force between the stage 140.0 mm and stage 200.0 
mm is therefore:
(2.87 * 1.2 * 0.06) * 0. 996*10-3* 104/1.37 = 1.77 N 
Total Body Weight Force: -6.94 + 1.77 = -5.17 N

(ix) The momentum equation applied in Block 7 is:
M - M + M - M  + 2 p -^-V Vol. = BW - BSF + PF - PF +ASF

7 2  7 1  7  4  7  3  r  7  7  7 1  7 2  S
12.1 - 25.1 + 10.8 - 6.4 + 9.2 = -5.17 - 1.1 + 107.8 - 102.4 
+ ASF

s
+0.6 = -0.87 + ASF

s
ASFg = +1.47 N, which is the resulting apparent shear force for 
Block 7.
(x) Similarly the momentum equation applied to Block 8 is: 
M - M + M  - M  = BW - BSF +ASF

8 2  8 1  8 4  8 3  8  8  S

12.6 - 12.1 + 12.1 - 5.7 = 2.5 - 0.8 +ASF
s

6.9 = 1.7 + ASF
s

ASF = 5. 2 N
s

which is the apparent shear force for Block 8. Fig(6.42) shows
the apparent shear force in the cross-over region and is 
basically the lateral shear force produced by the Reynolds shear 
stress rgN projected in the S direction and integrated along the 
vertical plan. An identical result should be achieved if the 
apparent shear force, computed in X direction and in Y direction,
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on Blocks 2 and 5 of the floodplain, was projected in the s 
direction. In order to project in S direction the apparent shear 
force obtained in X direction should be multiplied by COS 60°and 
the apparent shear force in Y direction should be multiplied by 
COS 30°.

-2.2 COS 60° +1.8 COS 30°
+5.3 COS 60° +2.3 COS 30°

+ 1. 55 N +3.5 N
This gives a total apparent shear force for the floodplains of
5.05 N, which when compared with 5.2 N of the main channel 
calculation shows very good agreement.

(xi) The momentum equation applied to Block 9 is:
M - M + M  - M  - 2 p -iL_V Vol. = BW - BSF + PF - PF +ASF

9 2  9 1  9  4  9  3  r  9  9  9 1  9 2  S

+ 25.1 - 12.1 + 7.3 - 11.0 - 9.2 = 9.97 -1.0 + 102.4 - 107.8 
+ ASFs
+0.1 = +3.57 + ASFs
ASF = - 3.47 Ns

The residual error obtained in cross-over region( block 8) 
for the overbank cases is very small. Therefore it can be said 
that the momentum equation was closed and the simplifications 
considered by the Author in the momentum equation were correct.

6.4.9. Summary of Apparent Shear Force in the Main Channel 
Region only.

All the results of the apparent shear force in the s 
direction for the main channel region only, with sinuosity 1.374, 
are presented in Table (6.3) for stages 140.0 mm, 165.0 mm and
200.0 mm. The apparent shear force for stage 140.0 mm is the body 
weight component while for stages 165.0 mm and 200.0 mm, the 
apparent shear force includes the lateral shear force and the 
term 2(u/v /)/x for Blocks 7 and 9, and the lateral shear force 
only for Block No. 8. More precise details are shown in Appendix 
VI.
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The results from Appendix VI and Table (6.3) reveal:
(a) Comparing Blocks 7 and 9 for overbank flow it appears that 
both bend regions have similar magnitudes of apparent shear force 
but in opposite directions. For Block 7 just downstream of each 
bend apex, the momentum transfer is positive indicating transfer 
from the floodplain to the main channel. For Block 9, just before 
each bend apex the opposite is the case with momentum transfer to 
the floodplain.
(b) The apparent shear force in the cross-over region is the 
lateral shear force, which acts on both sides of the element, 
shown in Fig(6.42). This lateral shear force is produced by 
turbulence( u'v') and corresponds to the lateral Reynolds shear 
stress r , when integrated along the vertical plan. Table(6.3)S N
shows that the balance of the lateral shear force is positive and 
increases significantly with depth. For 20% rise in depth, the 
lateral shear force increases 8.3 times. This represents a
momentum transfer from the floodplain to the main channel in the 
cross-over region.

It is also interesting in view of the very close agreement 
of floodplain apparent shear forces resolved in the s direction, 
at least at the cross-over region, to further develop this theme. 
That is, to take all various geometries presented in Table (6.2), 
and to compute s direction components, as a likely measure of 
main channel apparent shear forces for a range of geometries.

The apparent shear force in X and Y directions obtained in 
Blocks 2 and 5 of the floodplain region of the meandering
channel, with sinuosity 1.37 were converted into apparent shear 
force in the s direction through the following relationship:

ASF = ASF * COS 60° - ASF * COS 30°S X Y
Table(6.4) lists all the results obtained. This table shows 
that:
- The lateral shear force on the downstream main 
channel/floodplain(block 5) is always negative, increases with 
depth, is smaller with natural cross-section compared with 
trapezoidal cross-section; reduces with the change of the
floodplain roughness from smooth to the fully roughened case. For
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instance comparing the results obtained for stage 200.0 mm and 
the apparent shear force in the natural cross section with smooth 
floodplains is significantly less than the trapezoidal section 
with smooth floodplains. Again at stage 200.0 mm the natural 
section with fully roughened floodplains is 32% smaller than the 
natural smooth case.
- In all cases the apparent shear force for Block 5 is negative 
which means a strong transfer of momentum into the main channel 
at that point.
- The lateral shear force in left floodplain( block 2) does not 
show a very consistent pattern. However it is smaller than the 
lateral shear of the other bank and in most cases tends to be 
positive, indicating momentum transfer to the floodplain at that 
point.

The results from Table(6.4) are plotted in Fig(6.42a) 
showing the differences between the upstream( Block 2) and 
downstream ( Block 5) sides of the main channel cross-over 
region.

In order to compare these results with those obtained by 
Elliot and Sellin(1990) in the S.E.R.C. Series A tests, in a 
skewed compound channel, the Author's results of the lateral 
shear force in the S-direction of blocks 2 and 5 of the 
floodplain were non-dimensionalised by the body weight component 
in the S-direction. The values obtained are also presented in 
Table(6.4), as ASFS2/BWS2>

Elliot and Sellin(1990) carried out experiments in a skewed 
compound channel with the main channel skewed 5° and 9° to the 
floodplain direction. A schematic diagram of their flume geometry 
is presented in Fig(6.43). They also applied the momentum
equation, in X direction, in the sub-volumes II and III of the 
skew channel and determined the lateral shear force at the
interface between the main channel and the floodplain. This is
equivalent to the apparent shear force at the edge of Blocks 2
and 5, in this work.

In order to compare with the Author's results, the lateral 
shear force obtained by Elliot and Sellin(1990) was also
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non-dimensionalised by the body weight component. Elliot and 
Sellin(1990) results are presented in Table(6.5), for both skew 
angles.

Both sets of data are plotted in Fig(6.44), for Block 2 and 
Fig(6. 45), for Block 5. Blocks 2 and 5 of the meandering compound 
channel correspond to sub-volumes III and II of the Elliot and 
Sellin(1990) skewed case. Fig( 6.44) and Fig(6.45) show that the 
lateral shear force in Block 2 and sub-volume III (both on the 
left/upstream side of the main channel) is smaller than those 
obtained in block 5 and sub-volume II, the right downstream side 
of the main channel. Fig(6.45j shows that the non-dimensional 
lateral shear force becomes negative and increases substantially 
as the cross-over angle changes from 5°, 9° and 60°, going from
the Series A to the Series B case. The lateral shear force in 
block 5 and sub-volume II( on the right/downstream side of the 
main channel) is produced by the effect of flow contraction and 
acceleration as the main channel flow enters the downstream 
floodplain, where the flow depth reduces considerably, like a 
weir flow, and simultaneously the flow is accelerated. This 
phenomenon becomes more intense as the skew angle increases.

The flow mechanism that generates this negative lateral 
shear force, at the vertical interface in skewed and meandering 
compound flows, is totally different to the positive one that 
produces lateral shear force in straight compound channels. As 
mentioned in Chapter 2, in straight compound channels, the 
lateral shear force is produced by the velocity gradient that 
develops between the main channel and the floodplain.

6.5 CONCLUSIONS

By using a two-dimensional approach, the continuity 
equation, energy equation and momentum equations were applied to 
meandering compound channels. From this analysis, the main 
conclusions were as follows:
Continuity Equation:
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- The analysis of discharge distribution in meandering compound 
channels carried out in the S.E.R.C. flume Series B has shown 
that mass exchange between the main channel flow and the 
floodplain flow is highly three-dimensional and is affected by 
flow depth, boundary roughness, sinuosity, and main channel 
cross-section shape.
- As the stage increases, the basic orientation of the flow 
changes from the main channel direction to the longitudinal 
direction. More main channel flow is diverted longitudinally, and 
the percentage of flow moving in the main channel streamwise 
direction reduces.
- As the floodplain roughness changes to the fully roughened 
case, discharges reduces in both main channel and floodplain 
regions. Comparing the smooth and the fully roughened cases of 
sinuosity 1.37 with natural cross-section, the results show that 
for stage 165.0 mm no discharge reduction occurred in the main 
channel but for stages 200.0 mm and 250.0 mm a discharge 
reduction of 35% and 50% was observed in the main channel.

The effect of sinuosity in the conveyance of meandering 
compound channels is more pronounced in the case of smooth 
floodplains. Comparing the effect of increasing sinuosity from 
1.37 to 2.04 with smooth floodplains and natural cross-section, 
the total discharge for stage 200.0 mm is reduced from 222.0 1/s 
to 183.0 1/s, a reduction of 20%.
- The main channel cross-section affects also the conveyance of 
meandering compound channels. The tests carried out in the 
S.E.R.C. flume has shown that a natural cross-section presents a 
greater hydraulic efficiency in conveyance than a trapezoidal 
cross-section. This corroborates the findings of Willets and 
Hardwick(1990).

The main channel discharge reduces from bend apex to 
start of the cross-over and increases in symmetrical fashion from 
the end of cross-over region to the next bend.
- The discharge held in the main channel below bankfull is 
significantly lower than the discharge held in the main channel 
with no overbank flows. This is clearly a measure of the
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interaction effect as it affects the flow below bankfull. This 
effect increases significantly with sinuosity.
- The cross-section area of the meandering compound channel was 
divided into three Zones and the actual discharge of each zone 
was compared with the theoretical discharge that will occur in a 
straight channel with same boundary roughness, area and bed 
slope. The results show that

I (i) the discharge outside the meander belt width (Zone 3) is 
j approximately equal to the theoretical discharge, from skin 
friction.

(ii) the discharge within the meander belt and above 
bankfull( Zone2) is less than the theoretical discharge, by 
15%-25%.

(iii) the discharge in the main channel but below bankfull (Zone 
1) is much smaller than the theoretical value. For instance, for 
trapezoidal cross-section with sinuosity 1.37, smooth floodplains 
and stage 200.0 mm, the reduction reaches 40%.

Energy Equation
- A trapezoidal cross-section with smooth floodplains increases 
the contour levels of energy on the right downstream floodplain 
compared with a natural cross-section. As the stage rises, this 
effect diminishes.
- The highest energy levels for overbank flow are found at the 
cross-over region on the edge of the downstream floodplain and 
also outside the meander belt width.
- For stage 165.0 mm, the pattern of energy levels contours( inI the main channel region for both sinuosities), is not affected 

I much by the floodplain roughness.
- Energy levels in the main channel and floodplain region 
diminish with increasing sinuosity and floodplain roughness. For 
instance an increase of sinuosity 1.37 to 2.04, the maximum 
energy level in the main channel reduces from 208.0 mm to 204.0
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mm.

Momentum Equation Applied to Meandering Channel with Sinuosity 
1.37.

The momentum equation applied in the X-direction in the 
floodplain region has shown that:
. In the upstream floodplain region( blocks Nos. 1, 2 and 3) the 
body weight component is practically in balance with the boundary 
shear force, whereas in the downstream floodplain ( blocks Nos. 
4, 5 and 6), the body weight component was slightly smaller than
the boundary shear force.
. The maximum values of the apparent shear force are located, 
near the cross-over region, in block Nos. 5 and 6, indicating 
areas of greatest out of balance forces.

Although the apparent shear force in the x direction reduces 
with floodplain roughness and increases with stage, no apparent 
trend with stage was discernible.
. The two-dimensional force-momentum equation in this work is not 
satisfactory for highly three-dimensional compound flows. The 
force-momentum equation can only be applied accurately if the 
boundary shear stress is known as well as local velocities, local 
flow depths, body weight and the turbulence components. Hence, 
these complex flows can only be modelled by three-dimensional 
models with the turbulence terms modelled.
- The momentum equation applied in Y direction in the floodplain 
region has shown that:
. Again there ay* no real patterns of variation of apparent shear 
force in the y direction with stage. Hence there is no way to 
predict systematically the apparent shear force in the y 
direction.
. Blocks 2 and 5 give high values of apparent shear force for all 
geometries.

- The momentum equation applied in the main channel region has 
shown that:
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. In cross-over region, there is a close agreement of floodplain 
apparent shear forces resolved in the S direction with those of 
the main channel in the S direction.
. The balance of the lateral shear force in the cross-over region 
in the S direction is produced by the turbulence term (u'v') and 
is positive for Block 8 which represents a momentum transfer from 
the floodplain to the main channel.

Comparison between the Author's results with Elliot and 
Sellin(1990) findings showed that the apparent shear force which 
develops at the interface of the cross-over region with the 
downstream floodplain( where flow is accelerating)and increases 
substantially with the skew angle. For instance as the skew angle 
increases from 9° to 60°, the ratio of lateral shear force/body 
weight increases from 0.5 to about 5.0, for stage 250.0 mm with 
trapezoidal cross-section and smooth floodplains. This phenomenon 
becomes less pronounced if the aspect ratio increases.
- In skew and in meandering channels with overbank flow, the 
apparent shear force that develops at the interface of the 
cross-over region with the downstream floodplain is produced by 
the flow contraction phenomenon, which accelerates. Whereas in 
straight compound channels, the flow mechanism that generates the 
lateral shear force is the large velocity gradient, between the 
higher velocities at the main channel that is deeper and smaller 
velocities on the floodplain that is shallower.
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Table(6.3)
Apparent Shear Force in S Direction in the Meandering 

Channel. S.E.R.C. Series B. Sinuosity 1.37. 
Smooth Floodplains.

Apparent Shear Force in S direction in Newtons
Stage Block No.7 Block No.8 Block
mm ASFS? ASFSs ASFS9
140. 0 -6. 94 + 1. 27 + 8. 1
165. 0 + 3. 11 +0. 63 -1. 3
200. 0 + 1. 47 + 5. 2 -3. 47
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SEJR.C. SERES B NATURAL AND TRAPEZODAL SECTIONS
BEK) APEX SECTION SMOOTH FLOODPLAINSbejo-apex SECTION
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TRAP. SMOOTH FIDO*.■20-

100-
NAT. SMOOTH FLOCC

80-

TRAP. SMOOTH

40 - STAGE 2000 NAT. SMOOTH

20-
NAT. SMOOTH FLOCO

SECTION NUMBER OF THE MEANDER CHANEL

Fig (6.11) - Variation of Total Main Channel Discharge in 
the Streamwise Direction. S.E.R.C. Series B. Sinuosity 1.37. 
Trapezoidal and Natural Cross-Sections. Smooth Floodplains.

SZJLC. SERES B SINUOSITY 137 NATURAL SECTION
SMOOTH AND FULLY ROUGH. FLOODP.

BEK) APEX SECTION BEK)-APEX SECTION

140-

120-

SMOOTHSTAGE 2500

100-

SMOOTH FUXXX

80-

ROUGH FLOSTAGE 25QD

40-

20- STAGE «5.0 rr*i SMOOTH
STAGE ^5X1 ROUGH FUXXX

SECTION NUMBER OF THE MEANDER CHANEL

Fig (6.12) - Variation of Total Main Channel Discharge in 
the Streamwise Direction. S.E.R.C. Series B. Sinuosity 1.37. 
Natural Cross-Section. Smooth and Fully Roughened 
Floodplains Cases.
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2
8

0 
2
-j
1

S£LR£. SERES B SNUQSTTY Z04 NATURAL SECTION
SMOOTH AND FULLY ROUGH. FLOODP.

BEN) APEX SECTION BEMJ-APEX SECTON50-i

45-,
40-

SMOOTH FLOOD.

35-

ROUGH FLOOD
30-

20-

O-
SMOOTH FLOODROUGH FLOOD i

2 3 5 64 7 8 9 10 1312 14

SECTION NUMBER OF THE MEANDER CHAKNEL

Fig (6.13) - Variation of Total Main Channel Discharge in 
the Streamwise Direction. S.E.R.C. Series B. Sinuosity 2.04. 
Natural Cross-Section. Smooth and Fully Roughened 
Floodplains Cases.

SZJta SERES B SMJOSCTY 137 TRAPEZDDAL SECTION

SMOOTH FUOODPLANS BENJ-APOC SECTON 

BAMOULL DGcjlARGE FOR AN N3AMC CASE(87J l/« )

BEN) APEX SECTON
100-12
95-

90-

85-

CROSS-OVER REiaON80-

75-

STAGE 25000 TRAP. SMOOTH FIX XL7 0 -'

65-

55-

50 -

E1AGE 2000 TRAP. SMOOTH FLOOD.45 -

SECTION NUMBER OF TEE MEANDER CHANNEL

Fig (6.14) - Variation of Main Channel Discharge Below 
Bankfull in the Streamwise Direction. S.E.R.C. Series B. 
Sinuosity 1.37. Trapezoidal Cross-Section. Smooth 
Floodplains.
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SERC. SERES B SINUOSITY 137 NATURAL SECTION
SMOOTH AND FULLY ROUGH. FLOODP.

BQO-APEX SECTONBEN) APEX SECTON CROSS-OVER REBON

SMOOTH FUXXL

BANOTLL DISCHARGE FOR AN l«AM< CASEtp I/s )

35-

30 -
SMOOTH FLOOa

m ROUGH FLOOQ.
25-

20-
ROUGH

SECTION NUMBER OF THE MEANDER CHAhtEL

Fig (6.15) - Variation of Main Channel Discharge Below 
Bankfull in the Streamwise Direction. S.E.R.C. Series B. 
Sinuosity 1.37. Natural Cross-Section. Smooth and Fully 
Roughened Floodplains.

SfLRC. SERES B SNUOSITY Z04 NATURAL SECTION
SMOOTH AND FULLY ROUGH FLOODP.

BEN) APEX SECTON BEN)-APEX SECTON
40-1

35- BAhKFULL DISCHARGE FDR AN NBAFK CASE(30 I/a )

SMOOTH FLOOQ. ROUGH FUXXX

SMOOTH FLOOtL25-

ROUGH FLOOOLHAGE 1S5lO

15-

10-

7 12 135 6 a 9 10 H3 42
SECTION NUMBER OF THE MEANDER CHANNEL

Fig (6.16) - Variation of Main Channel Discharge Below 
Bankfull in the Streamwise Direction. S.E.R.C. Series B. 
Sinuosity 2.04. Natural Cross-Section. Smooth and Fully 
Roughened Floodplains.
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0.45-

0.4-

0.35-

| °’3 ~ 
| 0.25- 
&

0.2- 
0.15- 
0.1- 

0.05- 
0.0

SZ&C. SERES B SWUOSTTES 137 AND 2.04 
TRAPEZOIDAL AND NATURAL SECTIONS

S K  137 NAT. SMOOTH FLOOD.

S K  137 TRAP. SMOOTH FLOODP.

S K  Z 04  NAT. ROUGH. FLOOD.

S K  2.04 NAT. SMOOTH FUXXX

SK  137 NAT. ROUGH FLOOD.

 1-----1----- 1-----1-----1----- 1-----1----- 1
0.0 2.5 5.0 7.5 10.0 1Z5 15.0 17.5 20.0

BALANCE OF VERTICAL DISCHARGE BETWEEN BEND APEX SECTION AND CROSS-OVER SECTION

0 /s )

Fig (6.17) - Variation of Vertical Flow at Bankfull Level
with Depth Ratio. S.E.R.C. Series B.
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S.E.R.C. SERES B SINUOSITY 1.37 TRAPEZODAL CROSS-SECTION
SMOOTH FLOODPLAINS AND STAGE 200.0 MM

0.15-1

0 .12 -

0 .0 9 -

tn 0 .06—Q

0.03i

0.0-

Theoretical Discharge in Zone 2: 0.131 m 3 /s  

/
^ -•A C T U A L  DISCHARGE IN ZONE 2

Theoretical Dischorge in Zone 3: 0.041 m 3 /s

?  V 5......

\ r,.r ^ctDal

/
in

\
3IGHT BANK DISCHARGE N ZONE 3 LEFT BÂ

APEX "c r o s s ­ o ver "aPex

Fig (6.18a) - Actual Discharge in Zones 2 and 3 of the 
Meandering Channel of S.E.R.C. Flume Series B with Sinuosity
1.37, Trapezoidal Cross-Section, Smooth Floodplains and 
Stage 200.0 mm. Comparison with the Theoretical Discharge 
Produced by a Straight Channel with same Boundary Roughness, 
Area, and Bed Slope.

S.E.R.C. SERES B SNUOSITY 1.37 TRAPEZODAL CROSS-SECTION 
SMOOTH FLOODPLAINS AND STAGE 200.0 MM

0.15-1

0 .12-

0 .0 9 -

0 .0 6 -

0 .0 3 -

0.0'

‘leoretical Discharge in Zone 1: 0.102 m 3 /s

ACTUAL DISCHARGE N ZONE 1 

■ x /

APEX ' 1 CROSS?—OVER 1 1 A?EX

Fig (6.18b) - Actual Discharge in Zone 1 of the Meandering 
Channel of S.E.R.C. Flume Series B with Sinuosity 1.37, 
Trapezoidal Cross-Section, Smooth Floodplains and Stage
200.0 mm. Comparison with the Theoretical Discharge Produced 
by a Straight Channel with same Boundary Roughness, Area, 
and Bed Slope.
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S.E.R.C. SERES B SINUOSITY 1.37 NATURAL CROSS-SECTION
SMOOTH FLOODPLAINS AND STAGE 200.0 MM

0.15-1

0 .12-

0 .0 9 -

g  0 .0 6 -|O

0 .0 3 -

0.0-

Theoretica l D ischarge in Zone 2: 0.131 m 3 /s  

/

ACTUAL DISCHARGE IN ZONE 2

Theoretica l D ischarge in Zone 3: 0.041 m 3 /s

□ /
O Oy fl c

ACTUAL DISCHARGE IN ZONE 3

APEX ' ' CROSSOVER 1 ' ^ EX

Fig (6.18c) - Actual Discharge in Zones 2 and 3 of the 
Meandering Channel of S.E.R.C. Flume Series B with Sinuosity
1.37, Natural Cross-Section, Smooth Floodplains and Stage
200.0 mm. Comparison with the Theoretical Discharge Produced 
by a Straight Channel with same Boundary Roughness, Area, 
and Bed Slope.

S.E.R.C. SERIES B SINUOSITY 1.37 NATURAL CROSS-SECTION 
SMOOTH FLOODPLAINS AND STAGE 200 .0  MM

0.15—1

0 .12-

0 .0 9 -

Theoretical Discharge in Zone 1: 0 .0 44  m 3 /sU JoO'<
XoI/}o 0 .0 6 -

0 . 0 3 - r

ACTUAL DISCHARGE IN ZONE 1

o.o aPexAPEX

Fig (6.18d) - Actual Discharge in Zone 1 of the Meandering 
Channel of S.E.R.C. Flume Series B with Sinuosity 1.37, 
Natural Cross-Section, Smooth Floodplains and Stage 200.0 
mm. Comparison with the Theoretical Discharge Produced by a 
Straight Channel with same Boundary Roughness, Area, and Bed 
Slope.

47 h



O.S-i

0.4-

0 .3 -

S.E.R.C. SERIES B TRAPEZOIDAL SINUOSITY 1.37 TRAPEZOIDAL CROSS-SECTION 
SMOOTH FLOODPLAINS AND STAGE 250.0 MM

Theoretica l Discharge in Zone 2: 0.4153 m 3 /s

/

0.2
Al

0.1-

o.o-

J>V^CTUAL DISCHARGE IN ZONE 2

Theoretica l Discharge in Zone 3: 0.128 m 3 /s

QTUAL DISCHARGE IN ZONE 3

a...... m

APEX

3 of the
APEX 1 1 CROSSOVER 1 1

Fig (6.18e) - Actual Discharge in Zones 2 and 
Meandering Channel of S.E.R.C. Flume Series B with Sinuosity
1.37, Trapezoidal Cross-Section, Smooth Floodplains and 
Stage 250.0 mm. Comparison with the Theoretical Discharge 
Produced by a Straight Channel with same Boundary Roughness, 
Area, and Bed Slope.

S.E.R.C. SERIES B TRAPEZOIDAL SINUOSITY 1.37 TRAPEZOIDAL CROSS-SECTION 
SMOOTH FLOODPLAINS AND STAGE 250.0 MM

0.5-1

0 4-
cn nf 03H
o o:<
§ 0.2 H

0.1-

o.o-
/

/ACTUAL DISCHARGE IN ZONE 1 Theoretical Discharge in Zone 1: 0.102 m 3 /s

APEX ' 1 CROSS1—OVER 1 1 ^ Ex

Fig (6. 18f) - Actual Discharge in Zone 1 of the Meandering 
Channel of S.E.R.C. Flume Series B with Sinuosity 1.37, 
Trapezoidal Cross-Section, Smooth Floodplains and Stage
250.0 mm. Comparison with the Theoretical Discharge Produced 
by a Straight Channel with same Boundary Roughness, Area, 
and Bed Slope.
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S.E.R.C. SERIES B SINUOSITY 1.37 NATURAL CROSS-SECTION
SMOOTH FLOODPLAINS AND STAGE 250.0 MM

0.5-1 Theoretica l D ischarge in Zone 2: 0.1453 m 3 / :

0.4

IAL DISCHARGE IN ZONE 2
0 .3 -

LjJe> o: < I CJ 
LO
a

Theoretica l D ischarge in Zone 3: 0.128 m 3 /s0.2-
ACTUAL DISCHARGE IN ZONE 3

0.1-

0.0
CROSS'-OVERA F tX

Fig (6.18g) - Actual Discharge in Zones 2 and 3 of the 
Meandering Channel of S.E.R.C. Flume Series B with Sinuosity 
1.37, Natural Cross-Section, Smooth Floodplains and Stage 
250.0 mm. Comparison with the Theoretical Discharge Produced 
by a Straight Channel with same Boundary Roughness, Area, 
and Bed Slope.

S.E.R.C. SERIES B SINUOSITY 1.37 NATURAL CROSS-SECTION 
SMOOTH FLOODPLAINS AND STAGE 250.0  MM

0 .5 h

0 .4 -

0 .3 -

0.2-

0.1-ACTUAL DISCHARGE IN ZONE 1

YT
Theoretica l D ischarge in Zone 1: 0 .0 44  m 3 / s 

      > <

0,(i f e <  1 1 CROSS'-OVER 1 1 APEX

Fig (6.18h) - Actual Discharge in Zone 1 of the Meandering 
Channel of S.E.R.C. Flume Series B with Sinuosity 1.37, 
Natural Cross-Section, Smooth Floodplains and Stage 250.0 
mm. Comparison with the Theoretical Discharge Produced by a 
Straight Channel with same Boundary Roughness, Area, and Bed 
Slope.
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S.E.R.C. SERIES B SINUOSITY 2.04 NATURAL CROSS-SECTION 
SMOOTH FLOODPLAINS AND STAGE 200.0  MM

0.2-1 Theoretica l D ischarge in Zone 2: 0.183 m 3 /s

ACTUAL DISCHARGE IN ZONE 2

0 .1 5-

in
rO2
UJoa:<
JZo23Q

0.1-
Theoretical D ischarge in Zone 3: 0.0148 rn 3 /s

0 .0 5 -

ACTUAL DISCHARGE IN ZONE 3

0.0
aPexCROSS-OVERAPEX

Fig (6.18i) - Actual Discharge in Zones 2 and 3 of the 
Meandering Channel of S.E.R.C. Flume Series B with Sinuosity 
2.04, Natural Cross-Section, Smooth Floodplains and Stage 
200.0 mm. Comparison with the Theoretical Discharge Produced 
by a Straight Channel with same Boundary Roughness, Area, 
and Bed Slope.

S.E.R.C. SERIES B SINUOSITY 2.04 NATURAL CROSS-SECTION 
SMOOTH FLOODPLAINS AND STAGE 200 .0  MM

0.2-1

0 .1 5 -

0.1-

0 .0 5 -

0.0-
AP

ACTUAL DISCHARGE IN ZONE 1 Theoretica l Discharge in Zone 1. 0 .0 3 8 5  m 3 

\

>EX ' CROSS-OVER 1 1 aPex

Fig (6.18j) - Actual Discharge in Zone 1 of the Meandering 
Channel of S.E.R.C. Flume Series B with Sinuosity 2.04, 
Natural Cross-Section, Smooth Floodplains and Stage 200.0 
mm. Comparison with the Theoretical Discharge Produced by a 
Straight Channel with same Boundary Roughness, Area, and Bed 
Slope.
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Fig (6.19a) - Contour of Surface Levels. S.E.R.C. Series B 
Sinuosity 1.37. Trapezoidal Cross-Section. Stage 100.0 mm 
( from Hardwick(1991))

Fig (6.19b) - Contour of Surface Levels. S.E.R.C. Series B 
Sinuosity 1.37. Natural Cross-Section. Stage 140.0 mm.
( from Hardwick(1991))
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Fig (6.20) - Contour of Surface Levels. S.E.R.C. 
Sinuosity 2.04. Natural Cross-Section. Stage 140.C 
Hardwick(1991))
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2 
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0

Fig (6.21) - Contour of Surface Levels. S.E.R.C. 
Sinuosity 1.37. Trapezoidal Cross-Section. Stage 
Smooth Floodplains (from Hardwick(1990))
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T7

9 -

7 -

6-.

4 -

3 -

2-

27 28 29 30 ;
Flow : Left to Right

32 34 35
X metres

37

Fig (6.22) - Contour of Surface Levels. S.E.R.C. Series B. 
Sinuosity 1.37. Natural Cross-Section. Stage 200.0 mm. 
Smooth Floodplains(from Hardwick(1990))

7 -

4 -

3 -

24 25 26 27  28 29 30 31 32 33
Flow : Left to Right X metres

Fig (6.23) - Contour of Surface Levels. S.E.R.C. Series B. 
Sinuosity 2.04. Natural Cross-Section. Stage 200.0 mm. 
Smooth Floodplains(from Hardwick(1991))
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TOTAL ENERGY LEVELS S.E.R.C. - SERIES BTRAPEZOIDAL SECTION STAGE : 200.00 mm SMOOTH
5.0
c; c;
c

'207 -4.5

4.0

u

3.0

o2.0
1.5

1.0

0.5

0.0 2 3 5 6 70 4A1 a 9 10

Fig (6.24) - Contour Levels of Energy. S.E.R.C. Series B. 
Sinuosity 1.37. Trapezoidal Cross-Section. Stage 200.0 mm. 
Smooth Floodplains

TOTAL EN ER G Y  L E VE L S  S.E.R.C. - S ERI E S  B T R A P E Z O I D A L  S E C T I O N  S TAG E : 25 0. 0 0  mm S MOO T H
5.0
5.5 [6 0 .0

5.0 CP
[5 8 .0

c?
4.0 o.

3.5

3.0
2.5
2.0
1.5 VO

1.0 o

0.5

0.0

Fig (6.25) - Contour Levels of Energy. S.E.R.C. Series B
Sinuosity 1.37. Trapezoidal Cross-Section. Stage 250.0 mm
Smooth Floodplains
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TOTAL ENERGY LEVELS S.E.R.C. - SERIES B
NATURAL SECTION STAGE : 140.00 mm INBANK FLOW

6.0
-5.55.5 •o
-5.05.0

4.5
-4.0s a?4.0
-3.53.5

3.0
2.5

-2.02.0 &
1.5
1.0

o -0.50.5
0.0

Fig (6.26) - Contour Levels of Energy. S.E.R.C. Series B. 
Sinuosity 1.37. Natural Cross-Section. Stage 140.0 mm.

TO TAL ENER G Y  L EVE L S  S.E.R.C. - SERI E S  B
N A T U R A L  S E C T I O N  S T AG E  : 165.00 mm S M O O T H

S ip -5.5
-5.0

■a

.160.0 -3.5

-2.5

Fig (6.27) Contour Levels of Energy. S.E.R.C. Series B.
Sinuosity 1.37. Natural Cross-Section. Stage 165.0 mm. 
Smooth Floodplains
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TOTAL ENERGY LEVELS S.E.R.C. - SERIES BNATURAL SECTION STAGE 200.00 mm SMOOTH

Fig (6.28) - Contour Levels of Energy. S.E.R.C. Series B 
Sinuosity 1.37. Natural Cross-Section. Stage 200.0 mm 
Smooth Floodplains

TOTAL EN ER G Y  L E VE L S  S.E.R.C. - S E R I E S  BN A T U R A L  S E C T I O N  STAG E : 250.0 mm S M OO T H6.0 Y7

5.0
4.5

4.0
3.5
3.0

2.5
2.0 O
1.5 ffl.
1.0
0.5

0.0

Fig (6.29) - Contour Levels of Energy. S.E.R.C. Series B.
Sinuosity 1.37. Natural Cross-Section. Stage 250.0 mm.
Smooth Floodplains
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TOTAL ENERGY LEVELS S.E.R. C. - SERIES B
NATURAL SECTION STAGE : 1B5.00 mm ROUGH

5.0
-5.55.5

u
-4.54.5

4.0
3.5

3.0

2.5

2.0
1.5

1.0

0.5

0.0

Fig (6.30) - Contour Levels of Energy. S.E.R.C. Series B 
Sinuosity 1.37. Natural Cross-Section. Stage 165.0 mm 
Fully Roughened Floodplain.

TOTAL  ENE R G Y  L E VE L S  S.E.R.C. - S E R I E S  B 
NA TU R A L  S E C T I O N  S T AG E  : 140.00 mm I NBANK FLOW

-3.5
-3.0
-2.5
- 2.0

c>

hO.5

Fig (6.31) - Contour Levels of Energy. S.E.R.C. Series B. 
Sinuosity 2.04. Natural Cross-Section. Stage 140.0 mm.
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TOTAL ENERGY LEVELS S.E.R.C. - SERIES BNATURAL SECTION STAGE 200.00 mm SMOOTH
5.0

4.5
4.0

!0 2.0.3.5 !02.(T

o3.0
2.5
2.0
1.5

OJ

1.0 o-)
OJ

0.5
0.0

Fig (6.32) - Contour Levels of Energy. S.E.R.C. Series 
Sinuosity 2.04. Natural Cross-Section. Stage 200.0 
Smooth Floodplains

FLOW DIRECTION 
 >

Fig 6.33 - MOMENTUM EQUATION APPLIED TO MEANDERING CHANNELS 
S.E.R.C. SERIES B. SINUOSITY 1.37. DEFINITION OF THE BLOCKS.
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Fig 6,38 -  MOMENTUM EQUATION APPLIED IN X AND 
Y DIRECTIONS IN THE FLOODPLAIN,

S.E.R.C. SERIES B, SINUOSITY 1,37, DEFINITION OF THE 
COORDINATE SYSTEM FOR THE COMPUTATION OF THE

MOMENTUM FLUX M10,M,, ,M AND M OF BLOCK No, 1,13 14 15 16

FLOW DIRECTION 
 >

X DIRECTION 
 \

FLDW /K
DEPTH

TOTAL
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S.E.R.C. SERIES B SINUOSITY 1.37

300-1 • NAT/ROUGH r300
NAT/ROl

250- -250

TRAP/SMOOTH'• ’AP/SMOOTH

200- -200
NAT/SMOOTH22g

150- -150'SMOOTHUJO
&

-100

BLOCK No. 4BLOCK No. 1

50- -50

ASFx -APPARENT SHEAR FORCE IN X DIRECTION ON BLOCKS Nos. 1 AND 4.
(NEWTONS)

Fig (6.38a) - Apparent Shear Force in the X Direction in 
Blocks 1 and 4 of S.E.R.C. Flume Series B with Sinuosity
1. 37.

S.E.R.C. SERIES B SINUOSITY 1.37

r-300300-1

NAT/ROUGH.NAT/SMOOTH

NAT/ROUGH

-250250-
tAP/SMOOTH

-200200-
NAT/SMOOTH

TRAP/SMOOTH

-150150-liJO£(/)
-100

BLOCK No. 5BLOCK No. 2
-5050-

_ 10 _g _a -7  -6  -5  - 4  - 3  -2  -1 0 1 2 3 4 5 6 /  B a n  
ASFx -  APPARENT SHEAR FORCE IN X DIRECTION ON BLOCKS 2 AND 5.

(NEWTONS)

Fig (6.38b) - Apparent Shear Force in the X Direction in
Blocks 2 and 5 of S.E.R.C. Flume Series B with Sinuosity
1. 37.
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S.E.R.C. SERES B SINUOSITY 1.37

300 -i p 30 0NAT/ROUGH. •

NAT/SMOOTH |TRAP/SMOOTH NAT/ROUGH

2 5 0 - -2 5 0TRAP/SMOO"

200- -200

NAT/SMOOTH |TZ
150- -150UJo

£in
100- -100

BLOCK No. 4BLOCK No. 1

5 0 - -5 0

■10 - g  - 8  - 7  - 6  - 5  - 4  - 3  - 2  -1  0 1 2 3 4 5 6 7 8 9 10
ASFy -  APPARENT SHEAR FORCE IN Y  DIRECTION ON BLOCKS Nos. 1 AND 4.
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Fig (6.39a) - Apparent Shear Force in the Y Direction in 
Blocks 1 and 4 of S.E.R.C. Flume Series B with Sinuosity
1. 37.
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Fig. 6.42 -  MOMENTUM EQUATION APPLIED IN S DIRECTION

IN THE CROSS-OVER REGION.
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CHAPTER 7

MODELLING, CONCLUSIONS AND FUTURE RESEARCH

7.1 Towards a Model of Meandering Compound Flow

7.1.1. Introduction.

Perhaps the most important aim of the physical modelling 
studies at S.E.R.C. Flood Channel Facility, H.R. Wallingford, is 
the evolution to a model which willVgeneralised enough to apply 
to any meandering compound flow.

The type of model to adopt is the subject of intense debate 
at present, but the choice will invariably depend on the type of 
output desired from the model. For instance, approximate 
estimates of stage-discharges can be obtained from a quasi-one 
dimensional model. If the output required is stage-discharge as 
well as lateral distributions of velocity on the floodplains, 
then a lateral distribution method(LDM) of the type developed by 
Wark et al(1990) might be applied. If the output requires details 
of secondary currents, larger flow structures, bed forms and 
distribution of sediment transport, then a full three dimensional 
model may be required including simulation of turbulence. This 
type of model is being developed by Manson(1991) (section 7.1.3) 
using k-e turbulence model, and also by Younis(1992) using a 
Reynolds shear stress model. In the field of dispersion of 
pollutants, a random walk model may be more appropriate.

There is a range of modelling techniques available and the 
most appropriate choice must reflect the desired output from the 
model.

The physical modelling programme described in this thesis 
was therefore required to produce data for some of the range of 
models described above. On one hand, stage and discharge were 
measured at the S.E.R.C. flume to provide basic data for simple 
one-dimensional models. At the other end of the spectrum, 
sophisticates laser measurements provided data on turbulent
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velocities and Reynolds shear stress, which will be enormous 
benefit in the turbulence modelling field.

In a sense, limiting the S.E.R.C. flume to only two basic 
planforms sinuosities, large the model scale, effectively limited 
a detailed parametric analysis due to sparse data. The data from 
this study pertains only to the few geometries tested, and hence 
extrapolation and generalization to other geometries can be done 
only through other model studies or field studies. The numbers of 
other model studies is also small in meandering compound flows, 
and hence a wide-ranging parametric type analysis such as carried 
out by Ackers (1991) for Series A data is rather more limited in 
this Series B case. The first step in this direction has been 
taken in Chapter 4 of this thesis, and will be followed later in 
1992 by an analysis by James and Wark at H. R. Wallingford.

In the event of such sparse parametric study it is advocated 
by the Author that the simplest initial approach is the further 
development of a one-dimensional energy method produced by Ervine 
and Ellis(1987). This is preferable to a force-momentum type 
balance as outline in Section 7.1.2 below.

For more refined flow modelling the Author also recommends 
the development of three-dimensional numerical models with 
turbulence modelling. This approach has been the basis of work of 
Manson under the supervision of Drs. Pender and Ervine which 
commenced in 1990 and is intended to eventually simulate flow 
conditions in meandering compound flows. Details are provided in 
Section 7.1.3.

7.1.2 A One Dimensional Energy Method.

The reader is referred in the first instance to a paper by 
Ervine and Ellis(1987) outlining the simplified energy loss 
method. The ideas in this paper required to be up-dated in the 
light of all measurements at the S.E.R.C. flume and Glasgow 
flume. This process is now an ongoing project at the University 
of Glasgow but some tentative ideas are noted below.
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MEANDER BELT WIDTH

ZONE 2 ZDNE 3ZDNE 3

ZDNE 1

(i) The method involves sub-divisions of the meander geometry
into three zones, in the same manner as sketched above.

The manner of the sub-division above has been discussed in 
detail in Chapter 4. It became apparent that this method is 
particularly appropriate for rough floodplains cases and for
larger aspect ratios of the main channel. This usually the case 
in the nature with floodplain roughness typically twice that of 
the main channel. It is argued therefore that this method is the 
most appropriate for the widest possible application, although 
others methods may be slightly more appropriate for the 
specialised cases of smooth floodplains boundaries.

(ii) Zone 1 - From the sketch above refers to the main channel 
region below bankfull level.

In the original model, the main channel energy losses were 
computed by assuming bed friction, bed form losses, and secondary 
cells energy losses, which were computed assumed to be generated 
by the bends. The later assumption is now shown to be in error 
for compound meandering flows, except for the specific cases of 
zero floodplain flow velocity( stagnant floodplain water) as 
shown in the Glasgow flume model studies.

In fact it is now evident that the main mechanism for
secondary cells in this type of flow is floodplain flow shearing 
over the main channel below. This process sets up the secondary 
cell, and in fact energy is added to the main channel flow 
through this mechanism.
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S V I R L  D R I V E N  BY F L O O D PL A I N  F L O V

The addition of energy to the main channel from the 
floodplain, occurs mainly from cross-over region to the next bend 
apex.

If we consider also the flow mechanisms at the work from 
bend apex to the cross-over region, the opposite occurs.

At the bend apex the driving cell suddenly decays due to 
lack of floodplain flow shearing over the main channel. The fluid 
from the bend apex appears to be dumped on to the floodplain as 
shown above producing a great reduction of flow in Zone 1( main 
channel) from apex to cross-over region.

This is a loss of fluid flowing in the main channel to the 
floodplain and hence can be interpreted as a loss of energy out 
of main channel to the floodplain flow. This phenomenon is amply 
illustrated in a plot of the discharge in the main channel( below 
bankfull level) from apex to apex.
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Maximum discharge at a bend apex is reduced on moving to the 
cross-over region and increases again from the cross-over region 
to the next apex. This must be a reflection of the energy 
distribution loss along a meander as well.

The problem in Zone 1 in modelling terms, is not necessarily 
to estimate energy loss from apex to cross-over and energy gain 
from cross-over to bend apex, but rather how to model the fact 
that there is much less flow in the main channel during overbank 
flow than there is during inbank flow. This is sketched above, 
where two inbank flows can be modelled quite easily from bed 
friction and bend losses.

What is causing a sudden reduction in the main channel flow 
during the overbank regime? Can this be quantified as an energy 
loss?

There are two ways of modelling such flow reduction
(a) to assume that an extra retarding force acts on the main 
channel flow below bankfull, which can be quantified as an 
additional shear on a horizontal plane at bankfull level.

SHEAR

\ f l d w

The physical justification for this lies in the fact that 
floodplain flow on the top of the main channel is decelerated or 
accelerated or deviated as sketched below, all of which require 
work done and hence an energy loss is expended. This additional 
shear may greatest at the cross-over region. Such a shear would 
be difficult to estimate would certainly require calibration for
Idata of S.E.R.C. flume, but it does represent one possible way 
forward.
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STREAMLINE
DEVIATED

(b) Another way of approaching this problem is that the flow in 
main channel can be considered to have greatly reduced 
cross-sectional area flowing in the streamwise direction. This 
is demonstrated in the sketch below where plunging floodplain 
flows plunge into the main channel, occupying a large proportion 
of the cross-sectional area available and effectively leaving 
only the shaded area for the main channel flow to pass through.

SHADED AREAS FDR ST R E A MWI S E  F L D V

This idea would require also calibration from S.E.R.C. flume 
data.

(ii) Zone 2 of the energy loss model is above bankfull level and 
within the limits of the meander belt width, this represents the 
section of the floodplain flow which is continuously passing over 
the main channel, floodplain, main channel in sequence. From the 
energy contour plots in Fig ( 6.24 ) it is clear that this zone 
of separation is a good choice.

The flow retardation experienced by this flow mechanism has 
two components:
- Flowing over the floodplain.

Flowing over the main channel where it also experiences 
horizontal retarding effect shear previously quantified by an 
expansion-contraction loss.
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(a) The flow retardation on the floodplain is quantified simply 
from a knowledge of the floodplain roughness friction factor. 
This is a problematic with vegetation roughness which can bend 
in the flow or become flattened. Accurate estimates of floodplain 
roughness coefficients are notoriously difficult to estimate and 
constitute a substantial research programme alone. The S.E.R.C. 
flume data at least provides an accurate knowledge of the 
roughness coefficients for the smooth and rough cases, and hence 
can be used in testing a new energy loss model.
(b) The flow retardation of floodplain passing over the main 
channel might be treated like an expansion-contraction 
phenomenon. Flow visualisation studies in Chapter 5 reveal that 
this is not exactly the case although many of the transverse 
velocities profiles especially in the cross-over region exhibit 
expansion-contraction type flow patterns as sketched below.

Be

There are several flow features which are very similar to flow 
over a slot, namely,
- a recirculating cell forming below bankfull level, extending up 
to 6 times h into main channel.
- a plunging of the floodplain streamlines into the main channel 
and rising back out of the main channel at the opposite bank.
- a raising of the free water surface level at the downstream 
side of the main channel, flowed by a type of weir flow 
accelerating on the adjacent floodplain.
With this in mind there seems every justification for an 
expansion energy loss of the form

d - y f /y c) 2 u22/ 2g
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Where y /y is the ratio of the floodplain depth to the main
channel depth and U is the floodplain velocity in Zone 2. 
Similarly a contraction loss can be estimated in the form.

C U2 / 2g
L f 2 '  3

where C is the loss coefficient.
L

Jasem(1990) has carried out extensive tests on slot energy
losses, with the aspect ratio of the main channel varying from 
Bc/h = 2.0 to 20.0. This was found to be a significant parameter, 
and Jasem data( 1990) can be usefully added to an energy loss 
model.

The losses from this mechanism require to be integrated over 
a meander wave length and hence will be operating over a 
continually varying skew angle. The losses are applied only to 
the flood plain flow in Zone 2.

In a sense, applying expansion and contraction losses to 
Zone 2 flow is a gross over-simplification and requires detailed
calibration with resulting velocities in Zone 2 as measured in
the S.E.R.C. flume.

(iv) Zone 3 flows are completely outside the meander belt width 
and subject only to the boundary roughness in that zone. This 
area can be modelled from a knowledge of the outer floodplain 
roughness.

7.1.3 A Three Dimensional Numerical Model

The latest efforts at numerical modelling of complex three 
dimensional flows at the University of Glasgow have been 
conducted by Manson(1991/1992) and Pender, with an intention of 
simulating flows in the S.E.R.C. flume Series B, using the 
refined flow data available.

According to Manson(1991), the model is intended to 
incorporate the following physical flow features:
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. The flows are strongly three dimensional.
The flow field may possess a non-stationary free 
surface.

. There may be local and global flow reversals.

. There may be significant turbulent stress fluxes.

. There may be external body forces such as Coriolis,
buoyancy in addition to gravity.

The co-ordinate system used by Manson(1992) is shown in 
Fig(7.1) and the equations of Continuity and Conservation of 
Momentum shown in Equations (7.1) and (7.2).

The equation of continuity in Tensor notation is given by

a Xj

and force-momentum by

a Ui a ( u j  U i )  l a p  l  a x
  +- :----— -----------------+ ----------—  + G (7.2)

a t  a xj p a xi p a xj 1

where U is the mean velocity in the x,y and z directions, G1, J , k 1
the body weight component, p density, t time, x Cartesian

i > Jcoordinate system and x the interfacial shear stress.
The interfacial shear stress r is the stress exerted by fluidu 2on fluid and may be represented by the expression

a u a u
t  = v ( — 1 + — 1 ) - f u X  ( 7 - 3 )

J a Xj a x i  J

where v is the kinematic viscosity.
The u'u' terms are known as the Reynold's stresses. There are now 
more unknowns than there are equations. The provision of a 
closure condition is a matter for the current research carried 
out by Manson(1992).

Equation (7.3) shows that the interfacial stress is composed 
by two parts. For fully turbulent flow the first part of equation
7.3 becomes negligible compared to the second part throughout
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most of the fluid. The problem of representing the interfacial 
stress becomes one of representing the Reynold's stress

Manson(1992) has adopted the Boussinesq's assumption which 
considers the Reynold's stress may be modelled as linearly 
proportionally to the mean strain rate with the constant of 
proportionality, v , the eddy viscosity.

Manson(l992) has represented the eddy viscosity by a linear 
two equation model of turbulence consisting of transport 
equations for the turbulent kinetic energy per unit mass k :

-u'u'= v
( a u a u  L  J. J ( 7 . 4 )

t ( 9 X  i  a X j

k ( 7 . 5 )

and its rate of dissipation c
a u a u

e ( 7 .  6)ax ax

( 7 . 7 )

The transport equations for k and c are,



a e a ( u c )
i

a t a x a x

v a ct
+ c p -

O a x

— c ( 7 .  9)

where,
3 U

P = u' u' --- —
1 J a x

j

The constants are assigned values 'standard values',
c = 0.09U

o = 1.0
k

0 = 1 . 3t

c = 1.441

c = 1.922

The k-e turbulence model will reproduce turbulent 
production, dissipation and transport process in the flow and 
will at least simulate prominent turbulent shear features in the 
flow, such as the floodplain flow passing over a main 
channel.

The k-e turbulence model is not perfect however, in 
particular it poorly predicts the normal Reynold's stresses which 
are sometimes important in the analysis of secondary flows in 
straight compound channels.

The research at the University of Glasgow has led to a three 
dimensional model with a k-e turbulence model, and has been
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applied in the first instance to flow over the slot in a channel 
bed. This is similar to floodplain flow passing over a main 
channel flow below, as occurs to some extent in the cross-over 
region of meandering compound flows. Typical output from the 
computer model is shown in Fig(7.2) with velocities vectors 
predicted in the slot region. This work is expected to be 
extended to skewed and meandering compound flows, and represents 
a very promising method for accurate simulations of the main 
channel flows features.

7.2 CONCLUSIONS

In this section the Author summarises the conclusions of the 
experimental research in meandering compound flows performed by 
him and presented in this thesis. This includes the more general 
and the most important conclusions presented in Chapters 4, 5 and 
6, which were the chapters where the analysis of the results of 
S.E.R.C. Series A and B and data of other small flumes was 
carried out.

7.2.1. General Conclusions

(1) Meandering Compound Flow behaviour bears little or no 
resemblance to straight parallel compound flow.
(2) The following flow mechanisms were identified in meandering 
compound flows:
- The expanding cell in the main channel region driven by 
cross-over floodplain flow.
- Cell rotation at bend apex and decay beyond bend.
- Efflux of main channel flow on to floodplain beyond the bend 
apex at the outer bend.
- High velocity distribution at the inner bend and at the edge of 
the cross-over region with the downstream floodplain as well as 
on floodplain outside the meander belt width.
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- Deviation of floodplain streamlines on crossing over main 
channel.
- " Slack " region beyond each bend where old cell is decaying 
and new cell is beginning.

(3) The parametric analysis has shown that conveyance of 
meandering compound channels is affected by the relative flow 
depth( floodplain depth/main channel depth), relative boundary 
roughness( main channel boundary roughness/floodplain boundary 
roughness), main channel sinuosity, main channel cross-section 
shape, main channel aspect ratio and the ratio of meander belt 
width to the total floodplain width.

(4) The flow mechanisms and flow structures, in particular the 
secondary currents will affect the sediment transport and the 
pattern of scour and deposition in meandering compound channels. 
Measurements of the streamwise boundary shear stress conducted in 
the S.E.R.C. flume Series B have revealed a significant reduction 
of boundary shear will occur in the main channel and a 
substantial increase of boundary shear will appear, at the edge 
of the floodplain.

(5) The discharge held in the meandering main channel below 
bankfull is significantly lower than the discharge held in the 
main channel with no overbank flow. This is clearly a measure of 
the interaction effect as it affects the flow below bankfull. 
This effect increases substantially with sinuosity.

(6 ) The cross-section area of the meandering compound channel was 
divided into three zones and actual discharge of each zone was 
compared with the theoretical discharge that will occur in 
a straight channel with same boundary roughness, area and bed 
slope. The results show that:
- The discharge outside the meander belt width( Zone 3) is 
approximately equal to the theoretical discharge from skin 
friction.
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- The discharge within the meander belt and above bankfull 
(Zone 2) is less than the theoretical discharge by 15% - 25%.
- The discharge in the main channel but below bankfull( Zone 1) 
is much smaller than the theoretical value. For instance, for 
trapezoidal cross-section with sinuosity 1.37, smooth floodplains 
and stage 200.0 mm, the reduction reaches 40%.

(7) The two-dimensional force-momentum equation applied in this 
work is not satisfactory for highly three-dimensional compound 
flows. The variation of the apparent shear force with stage and 
floodplain roughness has show no real trend.

7.2.2. Conclusions on Flow Resistance of Meandering Compound 
Flows.

(i) Flow resistance in meandering compound flows was analysed in 
terms of the relationship of the Manning's n with stage and the 
variation of the Darcy-Weisbach friction factor with Reynolds 
number.

(ii) For the overbank case, as depth increases, Manning's n tends 
to be almost constant for smooth floodplain but increases 
significantly with stage for the fully roughened floodplain case.
(iii) The Darcy-Weisbach friction factor tends to reduce with the 
Reynolds number for smooth floodplain case and increases almost 
linearly for the fully roughened floodplain case.

(iv) The Darcy-Weisbach friction, for smooth floodplain case, 
may rise 50% when main channel sinuosity increases from 1.37 to
2. 04.

(v) In meandering compound channels with smooth floodplains and 
floodplain walls parallel, the flow resistance is controlled by 
main channel sinuosity, main channel aspect ratio and main 
channel cross-section shape, whereas in case of the fully
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roughened floodplains the flow resistance is dominated by the 
effect of the floodplain roughness.

7.2.3. Conclusions on Conveyance of Meandering Compound 
Channels.

(i) Through non-dimensional functions Fi( for inbank case), and F4 
and Fs( for overbank cases), a parametric analysis of meandering 
compound flow was initiated and the non-friction energy losses 
were quantified.

(ii) Functions F4 and Fs reveal very clear the effects of main 
channel sinuosity, aspect ratio, floodplain roughness, main 
channel aspect ratio, main channel cross-section shape and 
the ratio meander belt width to the total channel width on the 
non-friction energy losses experienced by meandering compound 
flows.

(iii) Functions F4 and Fs have shown that losses of energy 
produced by skin friction can be low as 50% of total energy 
losses.

(iv) By increasing the main channel sinuosity from 1.37 to 2.04, 
function F4 reduces about 15% for natural cross-section with 
smooth floodplains.
(v) For smooth floodplain case function F4 shows more sensitivity 
to the effect of geometry of the cross-section. However for the 
fully roughened floodplain function Fs is a better indicator.

(vi) Experimental studies of meandering compound flow should be 
conducted in physical models where the main channel aspect ratio 
is same as in nature. Therefore distorted models with low aspect 
ratios will exaggerate the losses of energy that occur in nature.

517



7.2.4 Conclusions on Flow Mechanisms and Flow Structures in
Meandering Compound Flows.

(i) Floodplain flow approaching the main channel can bifurcate 
with part of the flow entering the main channel swirl and part 
crossing the main channel to the opposite floodplain.

(ii) The strength of secondary currents( transverse velocity/ 
streamwise velocity) in meandering compound flows is affected by 
depth of flow, geometry of cross-section, sinuosity and 
floodplain roughness. In particular the strength of secondary 
cells increases substantially as the stage rises from the inbank 
case to the overbank case.

(iii) It is expected that the levels of turbulence and the 
Reynolds shear stress will increase considerably, in meandering 
compound, as the flow goes from the inbank case to an over bank 
case.

(iv) Research performed at the Glasgow flume demonstrated that 
the large secondary cells observed in the main channel of the 
S.E.R.C. Series B are produced by floodplain flow shearing over 
the main channel below bankfull. In case that the floodplain 
possesses an infinite roughness, the secondary cell that appears 
at the bend apex will rotate clockwise for both inbank and 
overbank cases.

7.2.5. Conclusions on The Continuity, Energy and Momentum 
Equations Applied to Meandering Compound Flow.

(i) The analysis of discharge distribution in meandering compound 
channels carried out in the S.E.R.C. flume Series B has shown 
that mass exchange between the main channel and the floodplain 
flow is highly three-dimensional and is affected by the flow 
depth, boundary roughness, sinuosity and main channel aspect
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7.2.6. Restatement of Conclusions of Interest to Two-Stage 
Channel Designers.

(i) Accurate Prediction of Stage Discharge Curve
The one-dimensional energy method proposed by Ervine and 

Ellis( 1987) offers the simplest method for the calculation of
stage-discharge relationship of meandering compound channels. The 
Series B data will allow this model to be calibrated for each 
zone of the flow field. Some proposals for the calibration 
procedure were presented in Section 7.1.1.. Further developments 
of a similar method are presently being undertaken by Prof. Cris 
James and Mr. James Wark(1992) at Hydraulics Research Ltd, 
Wallingford.

(ii) Significant Main Channel/Floodplain Interactions
The following flow mechanisms were identified in Chapter 5:
- An expanding cell in the main channel region driven by 

cross-over floodplain flow.
- Cell rotation at bend and decay beyond bend.
- Efflux of main channel flow on to the floodplain beyond 

the bend apex and at the outer bend.
- High velocity distribution at the inner bend and on the 

floodplain outside the meander belt width.
- Deviation of floodplain streamlines on crossing over main 

channel.
- A "Slack " region beyond each bend where old cell is 

decaying and the new cell is beginning.

(iii) Parametric Analysis of Conveyance of Meandering Compound 
Channels.

The parametric analysis carried out by the Author in Chapter 
4 shows that the following parameters affect the flow conveyance 
of meandering compound channels:

- The relative depth of flow( Section 4.5).
Ratio between main channel and floodplain roughness 

( Section 4.5).
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- The sinuosity of the main channel( Section 4.5.9).
- The shape of the main channel( Section 4.5.9).
- The aspect ratio of the main channel( Section 4.5.9).
- The ratio of meander belt width to the total floodway 

width( Section 4.5.9).
- The ratio of main channel top width to the total width of 

the floodway( Section 4.5.).

( iv) Boundary Shear Stress Distribution in Meandering Compound 
Channels.

In meandering compound channels, the boundary shear stress 
distribution in the main channel region is significantly affected 
by stage and by sinuosity.

As the stage passes from inbank to overbank, the boundary 
shear stress in the main channel reduces considerably. This effe­
ct increases with sinuosity. As a result the main channel will 
loses capacity to carry sediments in the streamwise direction. 
However, its capacity in transporting sediments in the transverse 
direction of the main channel will be substantially increased in 
comparison with the inbank case.

The maximum values of boundary shear stress are located on 
the downstream floodplain at the downstream end of the bend, near 
the cross-over region, where the flow is accelerating. In this 
region where scour will problably occur. The peaks of boundary 
reach between 1.5-2.0 times the values that occur in straight 
channels.
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ratio as well as main channel cross-section shape.

(ii) The effect of sinuosity and main channel aspect ratio as 
well as main channel cross-section shape on the conveyance of 
meandering compound channels is more pronounced in the case of 
smooth floodplains.

(iii) The main channel discharge reduces from bend apex to start 
of the cross-over and increases in symmetrical fashion from the 
end of the cross-over region to the next bend.

(iv) Energy levels in the main channel and floodplain region 
diminish with increasing sinuosity and floodplain roughness.

(v) Momentum equation applied in X direction in the floodplain 
region has revealed that the body weight component is 
approximately in balance with the boundary shear force and the 
maximum values of the apparent shear force are located near the 
cross-over region, in blocks Nos. 5 and 6 .

(vi) The balance of the lateral shear force in the cross-over 
region in the S direction is produced by the turbulence term 
(u'v') and is positive.

(vii) Comparison between the Author's results and Elliot and 
Sell±n(1990) findings showed that the apparent shear force which 
develops at the interface of the cross-over region with 
downstream floodplain increases substantially with the skew 
angle.

7. 3 FURTHER RESEARCH

The following topics are suggested for further research in 
neanciering compound flows:
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(i) Physical modelling of other compound meander geometries

The S.E.R.C. flume Series B study, although at a large 
scale, investigated only a narow range of basic meandering 
compound geometries. This now needs to be extended to a 
systematic physical study of a range of other key parameters, 
small or large scale, so that a detailed parametric analysis of 
meandering compound flow can be performed.

(ii) A physical modelling programme for boundary roughness

Energy losses in a river channel are dependent on bed 
material size ( dso), bed form losses( pools and riffles), 
planform losses( bends and cross-overs) vegetation( grass, weeds 
and trees) and biomass loss due to algae growth. A comprehensive 
study of estimating the magnitude of each component loss should 
be performed.

This could be extended to floodplain boundary roughness, 
where the best method of simulation by using rods, flexible 
elements, mesh has not been yet established.

(iii) Scale effect data study

A detailed study of scale effect in meandering compound 
flows needed to be carried out. This research should be started 
by comparing prototype real rivers data against data obtained in 
reduced models. Higginson(1992) has already initiated the 
research in this area by comparing results obtained in the river 
Maine in Northern Ireland against data produced by a physical 
model. The investigation could be complemented by comparing 
results of the S.E.R.C. flume Series B with data obtained in 
small scale flumes.

The study of scale effect in meandering compound flows 
should be performed by analysing the variation of the Reynolds
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Number with the Darcy-Weisbach friction factor.

(iv) Interaction of channel flow structures and bed topography in 
two-stage channels.

The time has come for a study of compound flows using mobile 
beds. The general purpose of the experimental work would be to 
conduct an investigation of sediment transport and morphology in 
a river/floodplain system during overbank flow. The work would 
cover both straight and meandering compound channels, coarse and 
fine sediments, with some inbank studies as well as overbank. The 
investigation should analyse the changes in sediment transport 
and deposition during overbank flow, as well as changes in the 
pattern of large flow structures for natural channels with 
overbank flow. This constitutes the research programme proposed 
by the Universities of Aberdeen, Glasgow and Newcastle upon Tyne 
for S.E.R.C. Series C which was supposed to follow the S.E.R.C. 
Series B study.

(v) Numerical modelling of meandering compound flows by the 
mixing length determination of e(eddy viscosity).

A simplified quasi-three dimensional numerical model of the 
type initiated by Hardwick( Aberdeen) requires further 
development.

Numerical simulation of meandering compound flows should be 
carried out using the mixing length approach for eddy viscosity. 
One wave length of the meander is divided into rectilinear finite 
elements on the floodplain and elements conforming to the 
channel( plan) curvature in the main channel and above it. 
Equations of momentum and continuity are solved for the elements 
over a wavelength. This research programme has been initiated by 
Mr. R. Hardwick from Aberdeen University. Fig(7.3) shows on the 
y-z plane( tranverse direction) comparisons of secondary currents
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predicted by the model and observed in FCF at Wallingford for 
sinuosity = 1.4, for the apex and the middle of the cross-over 
reach. The observations show only horizontal components of the 
y-z plane velocities. Dye visualisations, however suggest that 
the model lacks some important features found in the flow. The 
model could be improved by refining the spatial schematisation 
and by varying the water surface level which at present was 
considered (artificially) parallel to the floodplain with no 
local water surface variations.

(vi) Numerical simulation of meandering compound flows by 
one-dimensional energy method suggested by Ervine and
Ellis(1987).

The one-dimensional energy method proposed by Ervine and 
Ellis(1987) for the calculation of stage-discharge relationship 
in meandering compound flows should be improved. Data obtained in 
S.E.R.C. Series B will allow a calibration of the discharge 
calculated for each zone of the flow field. Some proposals for 
the calibration procedure were presented by the Author in Section 
7.1.1., and developments of this nature are presently being 
undertaken by Prof. Chris James and Mr. James Wark at Hydraulic 
Research Ltd, Wallingford.

(vii) Three-dimensional models of meandering compound flows with 
two equation models of turbulence.

A research project on the numerical simulation of meandering 
compound flows by a three-dimensional model with two equation 
turbulence model has been presently undertaken at Glasgow 
University by Mr. Russell Manson under the supervision of Drs. G. 
Pender and A. Ervine. The model was first used to simulate flow 
passing over a slot in a channel bed, which is similar to 
floodplain flow passing over the cross-over region of a
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meandering compound flow. The model will be extended to skew and 
meandering compound flows, and represents a very promising method 
for accurate simulations of three-dimensional flow features.
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ABERDEEN MODEL RESULTS

APEX

CROSSOVER

S.E.R.C. - F.C.F FLUME RESULTS

APEX

CROSSOVER
Fig (7.3) comparison of Hardwick's Numerical Model and Experimental Velocities 

from S.E.R.C. Series b, Sinuosity 1.37, Trapezoidal Cross-Section 
and Smooth Floodplains.
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APPENDIX la

PROGRAMME AND SCHEDULE OF THE S.E.R.C. PROJECT
PERIOD 1988/91 

SERIES B MEANDER GROUP
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Revision date: 25/06/91 Resident RA
SERIES B : MEANDER GROUP Circulation date:n/o^/91 at HR

item
no.

FCF - PROGRAMME AND RA SCHEDULE 3$V2
week 3*=

H
cZ<£7

3 2C 0>5 5 1 § J iGeometry Test details 1989
1 Trapezoidal Commissioning of flume 1 11/9 V

60° meander and completion 2 18/9 V
3 25/9 V
4 2/10 V V V5 9/10 V V

2 H v Q data inbank 6 16/10 V
and H v Q data overbank 7 23/10 (&>] V

8 30/10 y V VCompletion of traverser 9 6/11 V Vand data collection 10 13/11 V
software 11 20/11 % V

12 27/11 V13 4/12 % V %14 11/12 V15 18/12 V
Christmas Closure 9 days 16 25/12

3 1990
Inbank U+0 data 17 1/1 %depth = 100mm 18 8/1 V V19 15/1 V20 22/1 V %21 29/1 V4 Overbank U+O data 22 5/2 Vdepth = 2 00mm 23 12/2 VU + 6 DATA Depth = 200mm 24 19/2 V
U + 0  DATA Depth = 200mm 25 26/2 V

5 Laser measurements 26 5/3 V Vand boundary shear 27 12/3 V V28 19/3 V V29 26/3 V V30 2/4 V31 9/4 V V
U + 0  DATA Depth = 250mm 32 16/4 V% week U + 0  DATA 33 23/4 %

6 Dispersion 34 30/4
Heriott Watt and 35 7/5
Sheffield Universities 36 14/5

37 21/5Flow visualisation 38 28/5 VProfiles and U + 0  DATA 39 4/6 % VU + 6 DATA Depth = 250mm 40 11/6 V
7 Natural Remould of Main Channel 41 18/6 HR staff60° meander (Natural Inserts) 42 25/6

537



go Ma ft B>Iv*4h

8

9
10

Natural 
60° meander

survey of main channel 
H v Q : overbank 
H v Q : inbank 
Water surface profiles 
Flow visualisation 
U + 0  DATA Depth = 200mm 
U + 0  DATA Depth = 200mm 
U + 0  DATA Depth = 250mm 
U + 0  DATA Depth = 250mm 
Laser Measurements

43
44
45
46
47
48
49
50
51
52
53

2/7
9/7
16/7
23/7
30/7
6/8
13/8
20/8
27/8
3/9
10/9

%

V
V
V

V
V

V

V
V
V

V
V

11 Narrow fp H v Q : overbank 54 17/9 V V V
Laser Measurements 55

56
57

24/9
1/10
8/10

V V
V
V

12 U + 0  DATA Depth = 165mm 
U + 0  DATA Depth = 140mm 
H v Q semi rough

58
59
60

15/10
22/10
29/10

V
V
V

semi-rough H v Q overbank 61 5/11
13 fully 

roughened 
flood plain

H v Q overbank 
U + 0  DATA Depth = 200mm 
U + 0  DATA Depth = 200mm 
Flow visualisation 
U + 0  DATA Depth = 250mm 
U + 0  DATA Depth = 250mm

62
63
64
65
66 
67

12/11
19/11
26/11
3/12
10/12
17/12

V
V

V
V
V

Christmas Closure 68 24/12
U + 0  Data Depth = 165mm 
extra H v Q DATA

69
70

31/12
1991
7/1

%
V

14 Smooth Laser Measurements at 
Section 3 +40°

71
72
73

14/1
21/1
28/1

V
V
V V

V
V

15 Photographs, H v Q blocks 74 4/2 V
16 110°

Natural
meander

Construction of 
110° meander system

75
76
77
78
79
80 
81

11/2
18/2
25/2
4/3
11/3
18/3
25/3

HR staff

17 SURVEY NEW CHANNEL 82 1/4 V
18 Smooth 

flood plain
H v Q : inbank 
H v Q : overbank

83
84

8/4
15/4
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■------------ H v Q and U + 0 at 200mm 85 22/A V
19 U + 0 DATA Depth = 200mm+fp 86 29/4 V

U + 0 DATA Depth = 140mm 87 29/4 V
Water surface profiles 88 6/5 V
Flow visualisation 89 13/5 V
U + 0  DATA Depth = 140mm 90 27/5 V
U + 0  DATA Depth = 165mm 91 3/6 V
Boundary Shear Measurements 92 10/6 V

20 Laser Measurements 93 17/6 V
94 24/6 V
95 1/7 V
96 8/7 V
97 15/7 V

21 Dispersion 98 22/7
Sheffield University 99 29/7

loo 5/8 ✓
22 Vertical Vels and 250mm 101 12/8 V
23 H v Q Semi-Rough 102 19/8
24 H v Q Fully Roughened 103 26/8
25 Fully U + 0  Depth = 165mm iO<f 2/9 V

Roughened U + 0  Depth = 200mm /os 9/9 V
Flood plain Water Surface Profiles lo; 16/9 V

Flow visualisation lo? 23/9 V
26 H v Q Breeze block piers 10$ 30/9
27 H v Q Narrow Flood plain 103 7/10
28 H v Q with Sand Bags? Ho 14/10

Contingency III 21/10
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APPENDIX I

STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B 

AND FROM THE GLASGOW FLUME
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

Sinuosity 1.37 
Inbank case 

Slope: 0. 7249 * 10‘3 
Main Channel Cross-Section: Trapezoidal

Depth Discharge Temperature
mm 3 / m /s 0 C
63. 76 0.0238 14. 7
67. 24 0.0251 11.0
77. 15 0.0305 10. 8
86. 18 0.0363 11. 6
90. 08 0.0397 14. 5
91. 7 0.0402 11. 5
97. 7 0. 044 11. 6
103. 0 0.0478 11. 5
105. 8 0. 050 11. 7
106. 0 0.0497 10. 9
111. 5 0.0547 13. 7
114. 0 0. 057 12. 7
115.95 0.0583 14. 2
118.97 0.0604 14. 1
131. 5 0.0707 12. 9
137.37 0. 076 14. 5
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 1.37 
Inbank case 

Slope: 0.7249 * 10"3 
Main Channel Cross-Section: Natural 

Depth Discharge
mm m3/s 0 C
94.9 0.0105 13.8
102 0.01368 13.8
109.7 0.01765 13.7
113.5 0.0191 13.8
118.3 0.0214 13.7
130.6 0.0286 13.8

Temperature
o

Sinuosity 2.04 
Inbank case 

Slope: 0.5* 10’ 
Main Channel Cross-Section:

.-3

Depth 
mm 
109. 8 
111.49 
115.16 
120. 3 
120. 7 
124. 2 
127.91 
130. 7 
133.46 
135.66 
138.82 
140.08 
146. 7

Discharge
3 / m /s

0.01135 
0.01189 
0.0132 
0.0153 
0.0156 
0.01699 
0.01873 
0.02006 
0.02102 
0.02206 
0.02342 
0.0243 
0.02778

Natural
Temperature 
0 C 

10. 4 
16. 1 
15. 0 
10. 5 
14. 4
14. 1 
10. 3
15. 9 
14. 2 
14. 9 
10. 3 
10. 5 
10. 4
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 1.37 
Overbank case 

Smooth Floodplains 
Slope: 0.996 * 10-3 

Main Channel Cross-Section: Trapezoidal
Depth Discharge Temperature
mm 3 / m /s 0 C
164. 1 0.0824 11. 5
165.88 0.08576 11. 5
170. 1 0.0975 11.4
175.67 0.1198 11. 6
181.67 0.1494 14. 6
192.05 0.2039 14. 0
199.75 0.2496 12. 8
207.96 0. 302 12. 2
208.28 0. 303 14. 5
221. 8 0. 399 14. 1
227.65 0. 440 13. 2
233. 3 0. 485 14. 4
235. 0 0. 494 11. 0
240.49 0. 555 12. 3
252. 8 0. 658 12. 3
264. 8 0. 766 12. 3
277.97 0. 878 12. 3
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 1.37 
Overbank case 

Smooth Floodplains 
Slope: 0.996 * 10~3 

Main Channel Cross-Section: Natural
Depth Discharge Temperature
mm 3 / m /s 0 C
162. 1 0.0605 15. 9
175. 9 0.1031 14. 7
184. 6 0. 160 15. 9
191. 7 0. 204 14. 4
201. 9 0.2674 16. 0
207. 2 0.3073 14. 7
218. 4 0. 387 15. 5
236. 4 0.5396 14. 9
249. 0 0.6465 15. 5
260. 0 0. 752 15. 6
270. 0 0.8587 15. 7
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 1.37 
Overbank case 

Fully Roughened Floodplains 
Slope: 0.996 * 10"3 

Main Channel Cross-Section: Natural
Depth Discharge Temp<
mm 3 / m /s 0 C
153. 7 0.0402 15. 1
162. 6 0.0544 14. 5
169. 3 0.0674 14. 4
179. 8 0. 092 15. 0
187. 5 0. 112 14. 7
196. 0 0. 130 15. 1
204. 6 0.1544 14. 8
212. 2 0.1749 15.4
219. 0 0.1985 13. 8
233. 7 0.2339 14. 1
245. 8 0. 264 15. 0
249. 8 0. 276 14. 8
260. 0 0. 302 15. 0
268. 0 0. 327 14. 6
274. 2 0. 342 14. 8
287. 0 0. 376 14. 6
297. 0 0. 410 15. 4
312. 6 0. 455 15. 0
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

Sinuosity 1.37 
(Continued)

Overbank case 
Partly Roughened Floodplains 

Slope: 0.996 * 10'3 
Main Channel Cross-Section: Natural

Depth Discharge Temperature
mm 3 / m /s 0 C
153. 9 0.0416 12. 2
164. 8 0.0665 12. 2
172. 6 0. 086 12. 4
178. 6 0. 112 13.0
191. 7 0. 170 13. 0
213. 2 0. 271 11. 8
223. 5 0. 322 11. 6
252. 0 0. 498 13. 4
267. 0 0.5694 13. 0
284. 0 0.6756 13. 3
300. 0 0. 765 13. 3
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 1.37 
Overbank case 

Floodplain with Bridge Piers 
Slope: 0.996 * 10'3 

Main Channel Cross-Section: Natural
Depth Discharge Temperature
mm 3 / m /s 0 C
155. 0 0.0433 12. 8
160. 4 0.0543 12. 8
173. 6 0.0996 12. 8
181. 0 0. 133 12. 8
193. 5 0. 198 13. 4
205. 9 0. 267 13. 4
216. 9 0. 336 13. 0
226. 6 0. 396 13. 3
233. 4 0. 459 15. 2
249. 8 0. 572 15. 0
264. 5 0. 685 14. 5
279. 0 0. 800 13. 9
293. 4 0. 918 13. 9
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 1.37 
Overbank case 

Floodplain Width Reduced but Smooth 
Slope: 0.996 * 10"3 

Main Channel Cross-Section: Natural
Depth Discharge Temperature
mm 3 / m /s 0 C
154. 8 0.0387 14. 0
163.51 0.05079 13. 9
165.21 0.05766 14. 4
168.64 0.06616 14. 4
175.03 0.08538 14. 1
183.91 0.1123 14. 1
197.76 0.1612 14. 4
204.76 0.1929 14. 4
213.89 0.2283 14. 3
214.16 0.2285 14. 3
225.53 0. 282 14. 7
227.86 0.2903 15. 4
246.55 0. 380 15. 6
259.45 0. 473 15. 3
277.52 0.5714 15. 0
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 2.04 
Overbank case 

Smooth Floodplain 
Slope: 1.021 * 10"3 

Main Channel Cross-Section: Natural
Depth Discharge Temperature
mm 3 / m /s 0 C
165.14 0.0382 15. 5
178.92 0.07693 10. 3
183.58 0.09972 10. 3
193.65 0.1421 12. 7
200.61 0.1793 11.4
214.07 0.2528 12. 9
225.21 0.3246 14. 5
235.01 0. 391 15. 4
242.66 0.4452 15. 3
256.86 0.5535 11. 2
270.05 0.6614 11. 6
284. 5 0.7799 12. 0
296.88 0.8813 13. 2
302.82 0.9435 14. 5
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 2.04 
Overbank case 

Fully Roughened Floodplain 
Slope: 1.021 * 10~3 

Main Channel Cross-Section: Natural
Depth Discharge Temperature
mm 3 / m /s 0 C
160.54 0.03254 16. 6
165. 5 0. 037 16. 7
175.02 0.0545 16. 3
187.39 0.0836 16. 3
197.19 0. 108 16. 1
200.85 0.1146 16. 7
211.73 0.1439 16. 9
221.75 0.1738 16. 7
231.55 0.2011 16. 3
247. 4 0.2434 16. 4
259.26 0.2785 16. 5
272.21 0.3162 16. 3
284. 4 0.3494 16. 5
296. 3 0.3885 17. 0
311. 2 0.4333 16. 4
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 2.04 
Overbank case 

Floodplain with Bridge Piers 
Slope: 1.021 * 10“3 

Main Channel Cross-Section: Natural
Depth Discharge Temperature
mm m /s 0 C
162. 9 0.0353 15. 7
171. 3 0.0519 15. 7
185. 0 0.10064 15. 7
190.98 0.1262 15. 4
197.86 0.1578 15. 3
200.65 0. 168 15. 8
210.65 0.2199 15. 4
216.64 0.2525 15. 7
229.81 0.3169 16. 0
237.38 0. 363 14. 7
254. 9 0. 466 15. 0
263.78 0. 535 15. 8
280.09 0. 645 16. 6
296. 3 0. 757 16. 3
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 2.04 
Overbank case 

Floodplain Width Reduced but Smooth 
Slope: 1.021 * 10"3 

Main Channel Cross-Section: Natural
Depth Discharge Temperature
mm 3 / m /s 0 C
164.84 0.03559 13. 9
171.12 0.05023 14. 3
179. 6 0.07456 14. 2
185.23 0.09496 13. 8
195.66 0.13586 13. 2
202.48 0. 165 14. 0
213.55 0.2205 13. 6
221.65 0.2593 14. 7
234. 2 0.3279 14. 1
244.55 0.3865 14. 0
259.96 0.4855 13. 3
264.95 0. 534 14. 5
288.42 0.6985 14. 3
294.75 0.7506 13. 4

552



APPENDIX I
STAGE-DISCHARGE DATA FROM THE S.E.R.C. FLUME SERIES B

(Continued)
Sinuosity 2.04 
Overbank case 

Walled Floodplain 
Slope: 1.021 * 10'3 

Main Channel Cross-Section: Natural
Depth Discharge Temperature
mm 3 / m /s 0 C
170. 3 0.03353 13. 5
174.95 0. 035 14. 0
189.95 0.04065 14. 0
202. 6 0.0454 13. 9
212.68 0.04945 13. 7
232.44 0.05538 13.4
233.15 0.0566 13. 6
242.35 0.06312 13. 2
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APPENDIX I
STAGE-DISCHARGE DATA FROM THE GLASGOW FLUME

(Continued)
Overbank case 

Only Floodplain System 
Slope.- 1.0 * 10'3 

Main Channel Cross-Section: Rectangular
Depth Discharge Temp
mm 1/s 0 C
11. 0 2. 4 21. 5
19. 5 6. 3 21. 5
25. 5 9. 5 21. 5
30. 0 12. 5 21. 5
34. 0 14. 7 21. 5
38. 0 17. 8 21. 5
45. 0 22. 3 21. 5
51. 0 27. 1 21. 5
56. 0 31. 9 21. 5
62. 0 37. 1 21. 5
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APPENDIX II 
DATA FROM THE S.E.R.C. FLUME SERIES B 

Total Main Channel Discharge In The Streamwise Direction
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APPENDIX II 
DATA FROM THE S.E.R.C. FLUME SERIES B 

Total Main Channel Discharge In The Streamwise Direction
(1/s)

Sinuosity 1. 37 Trapezoidal Section Smooth Floodpl;
Section Stage Stage
Number 200.0mm 250.0 mm
1 76. 0 121. 0
2 84. 0 139. 0
3 87. 0 143. 0
4 86. 0 140. 0
5 77. 0 129. 0
6 70. 0 107. 0
7 68. 0 103. 0
8 67. 0 98. 0
9 66. 0 98. 0

10 67. 0 102. 0
11 66. 0 102. 0

Sinuosity 1.37 Natural Section Smooth Floodplaii
Section Stage Stage Stage
Number 165.0 mm 200.0mm 250.0
1 28. 0 53.0 102.0
2 29. 0 57.0 117.0
3 30. 0 60.0 117.0
4 30. 0 60.0 116.0
5 29. 0 53.0 108.0
6 29. 0 42.0 84.0
7 27. 0 42.0 78.0
8 27. 0 42.0 72.0
9 26. 0 43.0 72.0

10 24. 0 43.0 75.0
11 25. 0 43.0 78.0
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APPENDIX II 
DATA FROM THE S.E.R.C. FLUME SERIES B 

(Continued)
Total Main Channel Discharge In The Streamwise Direction

(1/s)
Sinuosity 1.37 Natural Section Fully Rough. Floodplains
Section Stage Stage Stage
Number 165.0 mm 200.0mm 250. 0
1 29. 0 33. 0 48. 0
2 29. 0 36. 0 57. 0
3 31. 0 39. 0 61. 0
4 31. 0 41. 0 63. 0
5 29. 0 37. 0 56. 0
6 27. 0 28. 0 37. 0
7 27. 0 26. 0 34. 0
8 26. 0 25. 0 34. 0
9 25. 0 26. 0 35. 0

10 26. 0 25. 0 36. 0
11 26. 0 26. 0 37. 0
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APPENDIX II 
DATA FROM THE S.E.R.C. FLUME SERIES B 

(Continued)
Total Main Channel Discharge In The Streamwise Direction

(1/s)
Sinuosity 2.04 Natural Section Smooth Floodplains

Section Stage Stage
Number 165.0 mm 200.0mm
2 24. 0 47. 0
3 24. 0 44. 0
4 23. 0 40. 0
5 20. 0 29. 0
6 20. 0 20. 0
7 17. 0 9. 0
8 16. 0 7. 5
9 15. 0 9. 0

10 17. 0 19. 0
11 19. 0 30. 0
12 21. 0 38. 0
13 21. 0 43. 0
14 24. 0 47. 0
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APPENDIX II 
DATA FROM THE S.E.R.C. FLUME SERIES B 

(Continued)
Total Main Channel Discharge In The Streamwise Direction

(1/s)
Sinuosity 2.04 Natural Section Fully Rough. Floodplains
Section Stage Stage
Number 165.0 mm 200.0mm
2 25. 0 36. 0
3 26. 0 36. 0
4 25. 0 33. 0
5 21. 0 23. 0
6 22. 0 16. 0
7 18. 0 8. 0
8 15. 0 6. 0
9 15. 0 6. 0

10 19. 0 17. 0
11 21. 0 22. 0
12 23. 0 27. 0
13 24. 0 31. 0
14 25. 0 36. 0
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APPENDIX III 
DATA FROM THE S.E.R.C. FLUME SERIES B 

Main Channel Discharge In The Streamwise Direction
Below Bankfull
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APPENDIX III 
DATA FROM THE S.E.R.C. FLUME SERIES B 

Main Channel Discharge In The Streamwise Direction
Below Bankfull 

(1/s)
Sinuosity 1.37 Trapezoidal Section Smooth Floodplains

Section Stage Stage
Number 200.0mm 250. 0
1 56. 0 62. 0
2 59. 0 69. 0
3 61. 0 71. 0
4 60. 0 71. 0
5 56. 0 67. 0
6 52. 0 62. 0
7 52. 0 60. 0
8 51. 0 59. 0
9 50. 0 57. 0

10 50. 0 58. 0
11 51. 0 58. 0
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APPENDIX III 
DATA FROM THE S.E.R.C. FLUME SERIES B 

(Continued)
Main Channel Discharge In The Streamwise Direction

Below Bankfull
(1/s)

Sinuosity 1.37 Natural Section Smooth Floodplains
Section Stage Stage Stage
Number 165.0 mm 200.0mm 250. 0
1 25. 0 26. 0 35. 0
2 27. 0 27. 0 38. 0
3 29. 0 31. 0 40. 0
4 28. 0 29. 0 39. 0
5 27. 0 27. 0 37. 0
6 27. 0 26. 0 35. 0
7 27. 0 26. 0 34. 0
8 26. 0 26. 0 32. 0
9 25. 0 26. 0 30. 0

10 26. 0 26. 0 30. 0
11 26. 0 26. 0 33. 0
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APPENDIX III 
DATA FROM THE S.E.R.C. FLUME SERIES B 

(Continued)
Main Channel Discharge In The Streamwise Direction

Below Bankfull 
(1/s)

Sinuosity 1.37 Natural Section Fully Rough. Floodplains
Section Stage Stage Stage
Number 165.0 mm 200.0mm 250. 0
1 25. 0 17. 0 18. 0
2 27. 0 18. 0 20. 0
3 29. 0 21. 0 24. 0
4 27. 0 21. 0 23. 0
5 26. 0 20. 0 22. 0
6 26. 0 18. 0 21. 0
7 26. 0 17. 0 20. 0
8 25. 0 17. 0 20. 0
9 25. 0 16. 0 19. 0

10 25. 0 16. 0 20. 0
11 25. 0 16. 0 20. 0
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APPENDIX III 
DATA FROM THE S.E.R.C. FLUME SERIES B 

(Continued)
Main Channel Discharge In The Streamwise Direction

Below Bankfull 
(1/s)

Sinuosity 2.04 Natural Section Smooth Floodplains
Section Stage Stage
Number 165.0 mm 200.0mm
2 18. 0 24. 0
3 18. 0 23. 0
4 18. 0 22. 0
5 15. 0 16. 0
6 15. 0 13. 0
7 13. 0 8. 0
8 14. 0 7. 0
9 12. 0 7. 0

10 13. 0 11.0
11 14. 0 14. 0
12 15. 0 18. 0
13 16. 0 20. 0
14 18. 0 24. 0
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APPENDIX III 
DATA FROM THE S.E.R.C. FLUME SERIES B 

(Continued)
Main Channel Discharge In The Streamwise Direction

Below Bankfull 
(1/s)

Sinuosity 2.04 Natural Section Fully Rough. Floodplains
Section Stage Stage
Number 165.0 mm 200.0mm
2 20. 0 20. 0
3 20. 0 20. 0
4 19. 0 19. 0
5 16.0 14. 0
6 16. 0 11. 0
7 14. 0 6. 0
8 13. 0 6. 0
9 13. 0 6. 0

10 14. 0 11.0
11 15. 0 12. 0
12 17. 0 16. 0
13 20. 0 17. 0
14 20. 0 20. 0
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APPENDIX IV 
S.E.R.C. Flume Series B Sinuosity 1.374.

Momentum Equation Applied in X Direction in the Floodplain
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Momentum Equation Applied in The Y Direction on the Floodplain
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APPENDIX VI
Momentum Equation Applied in The S Direction in the Meandering 
Channel of The S.E.R.C. Flume Series B with Sinuosity 1.374

576



APPENDIX V I

MOMENTUM EQUATION APPLIED IN S DIRECTION IN THE MEANDERING CHANNEL 
S.E.R.C. SERIES B. SINUOSITY 1.37. SMOOTH FLOODPLAINS.

BLOCK No. 7

STAGE
nn M 71 M 72 M 73 M 74

BU7 bsf7 PF71 PF72 ASFS7
NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS

140.0 14.8 13.9 1.12 -6.94 1.58 41.0 34.5 -6.94

165.0 9.4 8.7 1.5 3.25 1.8 -6.32 0.94 66.0 59.0 +3.11

20i0.0 25.1 12.1 6.4 10.8 9.2 -5.17 1.1 107.8 102.4 +1.47

BLOCK No. 8

STAGE M 8l M __ 82 M __ 83 M 84 BVb BSF8 PF8 PF8 ASFS8
NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS

140.0 13.9 13.9 +1.27 1.27 +1.27

165.0 8.7 7.9 0.6 3.0 1.69 0.72 +0.63

200.0 12.1 12.6 5.7 12.1 2.5 0.8 +5.2

BLOCK No. 9

STAGE
nn M 9l M M  92 93 M 94 b v 9 BSF9 PF91 PF92 ASFS9

NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS NEVTDNS
140.0 13.9 14.8 0.95 +8.1 L65 34.5 41.0 +8.1

165.0 7.9 9.4 2.4 1.0 0.7 +8.7 1.0 59.0 660 -1.32

200.0 12.1 25.1 11.0 7.3 9.2 +9.97 1.0 102.4 107.8 -3.47
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