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ABSTRACT

Implementation of the National Water Act in South Africa requires that an
ecological Reserve be determined for all significant resources. The ecological Reserve
determination is the estimation of the amount of water required to maintain the system
in a particular ecological condition. Because aquatic habitats are defined in terms of
local hydraulic variables rather than amounts of water, hydraulic analysis provides a
crucial link in relating hydrological conditions and river ecosystem integrity. Over the
last decade, considerable effort has been devoted to developing hydraulics for the
Reserve determination. The hydraulics needs for Reserve determination are primarily
for low flow analysis, and appropriate methods still need to be developed.

This thesis deals with hydraulics under low flow conditions. Its emphasis is on
developing appropriate methods for describing the hydraulic characteristics of South
African rivers under conditions of low discharge, and the influence of vegetation and
large bed roughness. The following methods have been developed:

A new equation for prediction of overall flow resistance under large-scale
roughness, and a new approach for estimation of intermediate-scale roughness
resistance that distinguishes the influences of large and intermediate scale
roughness components.

Prediction methods for velocity distributions with large roughness elements.
Under low flows, rocks and boulders may control the local velocity and depth
distributions.  Distributions of velocities and depth are related to rapidly
spatially varied flow caused by the boundary geometry rather than flow
resistance phenomena. With increasing discharge, the multiple local controls
become submerged and the flow tends towards a resistance controlled condition.
Available information addressing the distinction between resistance controlled
and multiple local controls conditions is limited. This thesis contributes to
understanding the transformation between multiple local controls and the
resistance controlled conditions.

Practical conveyance prediction methods for three situations pertaining to the
occurrence of vegetation in rivers and wetlands. In-channel and riparian
vegetation makes an important contribution to the creation of physical habitats
for aguatic animals, but also has significant effects on flow resistances that need
to be predicted.
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1 INTRODUCTION

11 River Management and Hydraulics

Effective management and utilization of water-linked ecosystems requires the
ability to predict biological responses to management actions. The growing need
to predict the biological impacts related to water management activities demands
further understanding of the relationships between hydrological variability and
river ecosystem integrity (Richter et a, 1997). The linkage between hydrology
and biological response must be made through hydraulics. It is, however, local
variables such as flow velocity and depth, rather than discharge that define aquatic
habitat. The movement, dispersion and dilution of pollutants are also determined
by hydraulic conditions, as is the movement and distribution of sediment which,

to alarge degree, determine channel form.

In South Africa, management actions are usually manifest in rivers as changes to
the hydrological regime, which is also the fundamental driver of biological
processes. Hydrology and aquatic ecology are both mature disciplines, and
techniques developed for ecosystem management (e.g. Hughes and Munster,
2000; Davies et al, 1993) are founded on well-established precedent. River
hydraulics, on the other hand, is poorly developed, and relies heavily on overseas
experience. This overseas experience has limited applicability to South Africa’s
unique rivers.  Further, most hydraulics methodology emanates from the
engineering fraternity and is intended for flood, or a least relatively high flow
applications.

In the South African water law (National Water Act, NWA, Act 36 of 1998), the
guantity of water required to maintain riverine functions is included in the
Reserve (Uys, 2001). Implementation of the NWA requires that a Reserve (basic
human needs requirements and ecological) be determined for all the country’s
rivers, with those for which development is planned receiving priority attention.
Statutory provisions are made for environmental flow requirement in the NWA to
determine the ecological component of the Reserve for all significant water

resources.
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Hydraulic analysis is therefore a crucial component in the determination of the
ecological Reserve in terms of both quantity and quality, as well as in any river

rehabilitation measures.

Vegetation and large substrate material are common features of South African
rivers. Under low flow conditions vegetation patches and rocks become relatively
large, and sometimes effectively discrete roughness features. These kinds of
roughness features usually act as obstacles to the flow. The drag force from such
obstacles modifies the average velocity and velocity distributions. The controls
on flow depth and velocity therefore become more localized than for high flows,

requiring different analysis approaches.

This thesis is related to development of methods for hydraulics under low flow

conditions required for environmental applications in South Africa.

1.2 Specific Research Objectives
The aim of the project is development of appropriate methods for describing the
hydraulic characteristics of South African rivers under conditions of low
discharge, and the influence of vegetation and large bed roughness. The specific
objectives for achieving this aim are methods for predictions:

Flow velocity and depth distributions,

Large roughness element resistance, and

Vegetation resistance.

The objectives have been addressed by undertaking literature survey,
experimental investigation, data analyses, theoretical development and computer
modelling.

1.3 Layout of the Thesis
Thethesis is organized around the following nine chapters:
1. Introduction. This chapter provides an overview of the problem dealt

with in this thesis.
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2. Background. This chapter provides information regarding South African
policies, approaches and procedures for protection of water resources,
review of methodologies developed for determination of flow
requirements, the relation between fish and microinvertebrate physical
habitats and hydraulic variables; and a review of published information
related to approaches and equations developed internationally for
predicting flow resistance under large and intermediate scale roughness.

3. Experimental Investigation of Resistance Controlled Flow Conditions.
This chapter includes experimental investigations, related to overall flow
resistance under large and intermediate scale roughness, under different
hydraulic conditions. The experimental work shows that the density of
large roughness elements of the channel bed has a significant influence on
the overall flow resistance of the channel. It has been found that resistance
is caused primarily by the largest clasts and that the maximum resistance
occurs with the areal coverage of 30% - 40%.

4. Prediction Methods for Resstance Controlled Conditions.
Conventionally, flow resistance in rivers is described using equations
(such as those of Chézy, Darcy-Weisbach and Manning) that implicitly
assume the dominant resistance phenomenon to be boundary shear stress.
Such equations are inherently unsatisfactory for low flow conditions,
where the size of roughness elements is comparable to the flow depth and
resistance is dominated by form drag. New methods are proposed for the
conditions of large- and intermediate-scale roughness, i.e. when the flow
depth is less than the height of the roughness elements and between one
and four times the height of the roughness elements. This chapter presents
the development and verification of these methods.

5. Experimental Investigation of Velocity Distribution with Large
Roughness Elements. This chapter describes experimental investigations
of velocity distributions with large roughness. It is shown that velocity
and depth distributions are significantly different under multiple local
control and resistance control conditions, both of which are common and
can occur at the same site for different discharges.
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6. Prediction Methods for Velocity Distributions with Large-scale
Roughness. In this chapter prediction methods for velocity distributions
with large roughness are presented. It is concluded that the situation is too
complex for conventional flow analysis, and computational modelling is
considered to be the appropriate approach. A public domain 2-
dimensional model, River2D, isidentified as a suitable tool. It is shown to
be able to predict velocity distributions reliably under large-scale
roughness conditions, and especially for the trans-critical flows associated
with multiple local controls.

7. Vegetation Flow Resistance. Practical conveyance prediction methods
are presented for three situations pertaining to the occurrence of vegetation
in rivers and wetlands, viz. flow through emergent vegetation, flow in
channels with emergent vegetation boundaries, and flow in channels with
discrete vegetation patches. The three approaches presented show the
appropriateness of different treatments of different levels of system
complexity: uniform vegetation resistance can be described by a single,
simple equation; resistance estimation for channels with vegetated banks
requires composite resistance coefficient determination as well; flow
description in channels with fragmented vegetation patches requires
computational modelling.

8. River2D Application to Field Data. This chapter addresses the
modelling of river hydraulics using two-dimensional River2D software.
The freely available River2D model has been shown to be an effective tool
for predicting velocity and flow depth distributions in rivers under low
flow conditions,

0. Conclusions and Recommendations. This chapter presents conclusions
of the project and recommendations regarding further research. The
project has produced methods for predicting low flow conditions in rivers
that are complete and usable but, as with all methods that rely wholly or
partly on empiricism, further strengthening of the data base and further
field confirmation would be valuable.
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21 Introduction

The primary purpose of this thesis is the development of appropriate methods for
describing the hydraulic characteristics of South African rivers under conditions
of low discharge, and the influence of vegetation and large bed roughness. The
main reason why new methods need to be developed is for implementation of the
National Water Act (No.36 of 1998) (NWA). The implementation of the NWA
requires that an ecological Reserve be determined for all significant resources.
Hydraulic analysis is therefore a crucial component in the determination of the
ecological Reserve in terms of both quantity and quality, as well as in any river
rehabilitation measures.

The ecological Reserve determination is an estimation of the amount of water
required for maintaining the system in a particular ecological condition.
Researchers in environmental flow tend to quantify the water needs of the various
biotic components in terms of hydraulic parameters such as water depth, flow
velocity, wetted perimeter and water surface width (Rowlston et al, 2000). The
results of hydraulic analyses and modelling therefore form the essential link
between the way in which the hydrologists, engineers and water managers express
the flow of water in the river in terms of flow rate, and the way in which river
ecologists express the water requirements of the river ecosystem itself in terms of
variables like the flow depth and velocity (Birkhead, 2002).

The work that has been done internationally on river hydraulics has limited
applicability to South Africa’s unique rivers. The hydraulics needs for
environmental applications in South Africa are primarily for low flow analyses,
and adequate and appropriate techniques still need to be developed.

For development of the appropriate techniques it is essential to understand why
we need a new development. Methodologies related to determination of instream
flow requirements have already been developed, and therefore it is necessary to
review available methods and methodologies and check their applicability to
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South African conditions.

The aims of this chapter are to identify South African policies, approaches and
procedures for the protection of water resources, to review methodologies
developed for the determination of flow requirements, to recognize fish and
microinvertebrate physical habitats and how these can be described by hydraulic
variables, and to verify available methods related to hydraulics under low flow
conditions that can be applied in South Africa.

22 National Policy on the Protection of Riversin South Africa

Water resources in South Africa are limited and their management and protection
is, apart from any biodiversity considerations, critically important for the
sustainable economic and social development of the country. Over the last
decade, much effort has been devoted to developing policies, structures and
methodologies for the management and protection of South African water
resources. New ways of applying information and making decisions on resource
protection and management have been under development at the Department of
Water Affairs and Forestry (DWAF, Resource Quality Services), and by other
agencies responsible for natural resource management (DWAF, 1999).

The Department of Water Affairs and Forestry and other agencies (including the
Department of Environmental Affairs and Tourism (DEAT) and the Department
of Agriculture) responsible for natural resource management have been
developing approaches for making decisions on resource protection and
management (DWAF, 1999). A number of institutions and organizations, such as
the Water Research Commission (WRC), Ingtitute for Water Research (IWR,
Rhodes University), Southern Waters, Centre for Water in the Environment
(CWE, University of the Witwatersrand), Freshwater Research Unit (University
of Cape Town), South African National Parks, Council for Scientific Industrial
Research (CSIR), have contributed to research and development of methods and

approaches related to the protection of South African rivers.
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As aresult, a variety of new policies, tools, approaches and procedures have been

developed including:
The National Water Act (DWAF, 1998),
The National Environmental Management Act (Government Gazette,
1998),
The Water Law Principles (DWAF, 1996c¢),
The National Water Policy (DWAF, 1997),
The Environmental Conservation Act (DEAT, 1989),
The Conservation of Agricultural Resources Act (Department of
Agriculture, 1983),
The Integrated Environmental Management Process (DEAT, 1994),
The South African Water Quality Guidelines for Aquatic Ecosystems
(DWAF, 1996b),
Various environmental flow requirement methods (Tharme, RE and King,
JM, 1998; O’ Keeffe JH and Hughes, DA, 2004; Brown et al, 2005),
The Index of Habitat Integrity (Kleynhans, 1996),
The Fish Assemblage Integrity Index (Kleynhans, 1999),
The South African Scoring System (Dickens and Graham, 2002),
The National Aquatic Ecosystem Biomonitoring Programme (Murray,
1999),
The South African Water Quality Guidelines for Domestic Use (DWAF,
19964a), and
Resource Directed Measures for determining the ecological Reserve
(DWAF, 1999).

In the NWA the main provisos affecting the way water resources are managed are:
The development of a national water resource strategy,
The development of catchment management strategies,
Protection of the water resources by developing a classification system and
setting resource quality objectives,

Determination of the Reserve, and
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Monitoring of the water resource.

Protection of water resources ensures their availability for human use as well as
maintaining their ecological functioning. To achieve the aim, two approaches are
proposed (DWAF, 1999):

Resource-Directed Measures (RDM), and

Source-Directed Controls.

The RDM’s focus is on resource quality, in terms of the health or integrity of
water resources. This includes water quantity and water quality, in-stream and
riparian habitats, and the condition and distribution of the aquatic biota.

The RDM include the following components:

Development of a National Classification System,
Determination of the class of specific water resources, and
Establishment of resource quality objectives, and determination of the

Reserve, with reference to the relevant class.

Source-Directed Controls deal with implementation of appropriate management of

water uses including:

Best management practice measures that apply nationally,

Special measures, derived from catchment management strategies and/or
plans, and

Site specific measures, stemming from the authorisation process, taking

account of considerations specific to the water use being considered.

The NWA has been developed to provide a fundamental reform of the law relating
to water resources. The NWA views the river as a“resource’ rather than a “user”
of water. The term resource “is used to include the health of all parts of the water

resources, which together make up an ecosystem, including plant and animal

2-4
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communities and their habitats’ (DWAF, 1997; DWAF, 1998). The Act is
revolutionary because it recognises the central role of ecosystems in water supply.
Sustainability and equity are identified as central guiding principles of the Act in
the protection, use, development, conservation, management and control of water
resources. The NWA provides for a river’s ecological requirements founded on
environmental flows, which will maintain ecological structure and function,
channel, bed and floodplain form, function and connectivity, and a measure of its
natural flow characteristics. Implementation of the NWA requires that an
ecological Reserve be determined for all significant resources, with those for

which development is planned receiving priority attention.

Ecological Reserve determination is an estimation of the flow requirements of
different components of a river. It focuses on the amount of water required to
maintain the system in a particular ecological condition. The estimation of flow
required for different aguatic components is a complex procedure, and
development of methodologies suitable for this estimation, was therefore required.

As aresult of work of many specialists, a generic seven-step RDM methodology
was developed, as described in Water Resources Protection Policy
I mplementation: Resource Directed Measures for Protection of Water Resources
(DWAF, 1999):

Step 1: Initiate the RDM study

Step 2a Determine the ecological type of each resource

Step 20 Delineate resource units within the study area

Step 2c: Select survey sites within the study area

Step 3: Determine the reference conditions for each resource unit

Step 4a Assess the present status of the resource units

Step 4b: Assess the ecological importance and sensitivity of the resource
units

Step 5: Set the management class for each resource unit

Step 6a Quantify the Reserve for each resource unit

Step 6b: Set resource quality objectives for each resource unit

2-5
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Step 7: Design an appropriate resource monitoring programme.

The level of detail or intensity of RDM determination is closely related to the
ecological importance and sensitivity of the water resource, the scale and degree
of the impact of proposed water use, and the urgency of the Reserve
determination.

There are four levels of Reserve determination:
Desktop,
Rapid,
Intermediate, and

Comprehensive.

The desktop determination is a quick, often very low confidence assessment
proposed for use in the National Water Balance Model. For the desktop
estimation a local desktop reserve model for an initial low confidence estimate of
the quantity component of the Reserve for rivers was therefore developed
(Hughes and Hannart, 2003). The rapid determination is a low confidence
estimation using the desktop model with quick field assessment of present
ecological status, proposed for use in unstressed catchments of low ecological
importance and sensitivity. The intermediate determination is a medium
confidence assessment. It is a team field study proposed for use in relatively
unstressed catchments. A higher level of confidence is provided by the
comprehensive assessment, where extensive field data should be collected and
used by specialists for the quantification of the Reserve. The approach is
proposed to be applied for very ecologically important and/or sensitive
catchments (the size of the river/reach as well as the type and extent of water
resource development are important considerations.)

The principles required to provide hydraulic information for different Reserve
estimations are the same, regardless of the level. The differences between rapid,
intermediate and comprehensive assessment lie in the amount of measured
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hydraulic data, and therefore in the accuracy of and confidence in the results
produced. It is clear that greater confidence is expected for higher levels of
determination (Birkhead, 2002).

Determination of the ecological Reserve is a complex procedure requiring
involvement of a wide range of experts such as aguatic scientists, social scientists,
hydrologists, geomorphologists, hydraulicians, engineers and resource
economists. Understanding of instream flow requirements of river ecosystems,
and development and application of appropriate methods are inalienable parts of
the whole process. There are a number of international and South African
methodologies and methods that can be applied in instream flow requirement
studies. Some of them are discussed in the next section.

2.3 Instream Flow Requirement M ethodology

Initially, the impetus of instream flow requirements studies came from western
North America, where salmon fisheries of significant commercial value were
threatened (Tharme, 1996; Nestler et al, 1989). As early as the late 1940s, the
first sudy relating to the influence of the Granby Dam on the Colorado River on
downstream conditions was performed by the U.S. Fish and Wildlife Service
(Tharme, 1996). The main aim of instream flow studies is to identify a quantity
of water and its distribution in time and space required for maintenance of the
river ecosystem. The development and application of methods and techniques for
prescribing the instream flow requirements (IFRs) started in the 1950s, and since
then many different types of methodologies and approaches have been proposed
(King and Tharme, 1994).

231 I nternational methodologies

Several reviews and evaluations of these methodologies and approaches have
been published (Mosley, 1983; Wesche and Rechard 1980; Stalnaker and Arnette,
1976). A comprehensive review of international methodologies for the

guantification of the instream flow requirements of rivers has been conducted and
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published in South Africa (Tharme, 1996). In general, methodologies can be
divided into four basic categories (Tharme, 2002):

1 Methodologies based on historical flow records,

2 Methodologies based on the relationship between physical habitat and
discharge,

3 Methodologies based on the instream habitat simulation methods (with
habitat defined in terms of the requirements of a particular target species),
and

4 Holistic methodologies and alternative approaches to instream flow
assessment.

Methodologies based on historical flow records: these methods are based on
hydrological data. Historical flow records are used for instream flow

recommendations. The most common of these methodologies is the Montana
Method, (Tennant, 1976) which was developed in the 1970s in North America
Recommended minimum flows are based on percentages of the average annual
flow, with different percentages for winter and summer months.

Other historical flow record approaches such as Hoppe, 1975 (cited in Gordon et
al, 1992) and a Decision Support System (Hughes and Mnster, 2000) are based
on flow duration curves, and develop the relationships between recommended
instream flow and the percentage of the time that it is exceeded. The main benefit
of these approaches is that a rough estimation can be made if gauged records are

available, alleviating the effort and necessity for field data collection for analysis.
The best application of these methodologies is to provide quick, simple, and low-
confidence assessment for planning purposes. However, they are limited by the

lack of any ecological interpretation of the hydrology.

Methodologies based on the relationship between physical habitat and discharge:

These methods are designed to assess various conditions of physical variables in
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relation to fluctuations in discharge, and are primarily focused on maintenance

flows for target riverine biota

Hydraulic rating methodologies are single cross-section methods, which involve
the development of relationships between discharge and other hydraulic variables,
such as, wetted perimeter, water depth and velocity. One of the most often used is
the Wetted Perimeter Method (Collings, 1972). The wetted perimeter method
assumes that the slope breakpoint on a plot of wetted perimeter against discharge
represents the quantity of water preferred by fish. The first break in slope on the
curve is an indication of the optimum rearing discharge (Gordon et al, 1992).
Although these methods take biota into consideration, the scale and extent of the
hydraulic interpretation is very limited.

M ethodologies based on the instream habitat rating or simulation: these methods

combine physical habitat and habitat preferences of a given speciesto estimate the
amount of habitat available for this species over arange of discharges.

Habitat rating methods integrate an approach referred to as Multiple Transect
Analysis (Tharme, 1996). This technique involves the collection of field data at
transects in a stream reach where the maintenance of flows is most critical for a
target species or biological activity. Hydraulic variables are used to develop a
relationship between physical habitat represented by hydraulic parameters, such as
flow velocity, flow area and flow depth, and discharge.

Of al currently availably habitat simulation methodologies, the Instream Flow
Incremental Methodology (IFIM) and its Physical Habitat Simulation Model,
PHABSIM Il (Milhous et al, 1989) are the most widely used methods worldwide.
IFIM was developed by the United States Fish and Wildlife Service for assisting
in the assessment of instream flow requirements of rivers (Bovee, 1982). The
IFIM is a problem-solving tool made up of a collection of analytical procedures
and computer models. An application of IFIM consists of the following steps
(Tharme, 1996; King and Tharme; 1994, Gordon et al, 1992):
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Identification of the study objectives, river study reaches, and target
Species,

The assessment of catchment equilibrium and macrohabitat suitability,
Development of functions integrating macrohabitat and microhabitat
availability of the present system,

Collection of physical data, and defining physical microhabitat,

Collection of biological data for the habitat suitability curves,

Connection between physical and biological data using PHABSIM 11, and
Hydraulic, and microhabitat simulation using PHABSIM 11.

PHABSIM Il is a collection of some 240-computer programs that form a major
component of IFIM. It comprises two basic components: hydraulic simulation
and habitat simulation. Comprehensive information of concepts and practicalities
of PHABSIM 11 can be found in King and Tharme (1994), Tharme (1996), and
PHABSIM for Windows: User’s Manual and Exercises (www.fort.usgs.gov.)

Holistic methodologies and alternative approaches to instream flow assessment:

Holistic methods for the determination of ecological flow requirements quantify
the flows for the various biotic components of rivers in terms of parameters such
as flow depth, flow velocity and wetted perimeter, adding time as a parameter by
referring to the frequency of exceedance of a particular flow rate, or the duration
of inundation resulting from a particular flooding event (Tharme, 1996). In the
holistic approach, important and critical flow events are identified in terms of
most of the criteria defining flow variability (Tharme, 2002). The Building Block
Methodology (BBM), Holistic Approach and Expert Panel Assessment Method
are holistic methodologies that have been developed in the last decade (Tharme,
2002).

IFIM is widely used in the USA, and has been applied in Australia, New Zealand
and Britain. It has been applied in South Africa for the Sabie River (Gore &t 4,
1992) and the Olifants River (Western Cape) (King and Tharme, 1994). Some
details of the application to the Olifants River follow.

2-10


http://www.fort.usgs.gov

Chapter 2: Background

232 M ethodologies developed in South Africa

In South Africa, activities addressing the influence of modified flow regimes on
riverine ecosystems were initiated in 1987, and the needs for the methodologies
for assessing the instream flow requirements of rivers were recognised. New
research in the field of instream flow requirements therefore began in 1989 (King
and Tharme, 1994).

Firstly, the IFIM approach was applied in South Africa. The Olifants River
(Western Cape) was chosen for learning and applying the methodology. During
the study, it was found that:
IFIM is difficult and time-consuming to learn to use because it
incorporates concepts and skills from awide range of disciplines,
IFIM is difficult to apply because in places it is vague, non-pragmatic or
still largely conceptual,
PHABSIM Il is complex and difficult to master, and
At that time, the state of development of IFIM did not allow compilation
of a comprehensive modified flow regime for aregulated river in the way
required by the South African Department of Water Affairs and Forestry.

It was concluded that IFIM is not applicable for South African river conditions,
because of the exceptionally long time required to achieve a satisfactory result, its
extensive requirement for quantified biological data, and difficulty in describing
the low-flow hydraulics of complex river channel morphology. Consequently,
development of local instream methodologies to provide guidance on the
sustainable use of rivers water-resources started in 1989 (King and Tharme,
1994).

Building Block Methodology (BBM): the BBM was the first method developed

for assessing the environmental flow requirements (EFR) of rivers in South
Africa. The conceptual basis of the BBM is that some flows within the total flow
regime are more important than others for maintenance of that river ecosystem.
These flows can be described in terms of their magnitude, frequency, duration and
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timing (King and Tharme, 1994; King, 1996; Tharme & King 1998; King and
Louw, 1998). The methodology assumes the following:
Biota associated with a river can cope with base flow conditions that
naturally occur in it “often”, and may be reliant on higher flow conditions
that naturally occur in it at certain times,
Identifying what are derived to be the most important components of the
natural flow regime, and ensuring that they are incorporated as part of the
modified flow regime, will facilitate maintenance of the natural biota and
natural functioning of theriver, and
Certain kinds of flow influence channel geomorphology more than others,
and incorporating such flows into the modified flow regime will aid
maintenance of the natural channel structure and diversity of physical

biotopes.

Downstream Response to Imposed Flow Transformations (DRIFT): DRIFT is a

second generation methodology for instream flow assessments that was developed
by Southern Waters Ecological Research and Consulting (South Africa) and
SMEC International (Australia) specifically for the assessment of environmental
flows for the Lesotho Highlands Water Project (Brown et al, 2005).

DRIFT is an interactive, scenario-based process, which address the biophysical
consequences of progressive reductions in flows and socio-economic links. The
process involves a number of post data collection activities as described below:
Preparation of the hydrological data,
Linkage of the hydrological datato cross-sectional river features,
Reduction of different flow components, and description of the biophysical
consequences,
Entry of the consequences into a custom-built database,
Querying the database to describe the changes in river condition caused by
one or more potential flow regimes (scenarios),
| dentification of the social impacts of each scenario,

Calculation of the economic cost of compensation and mitigation for each
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scenario, and

Calculation of the impact on system yield for each scenario.

The BBM and DRIFT are both holistic type methodologies, with three primary
differences:
DRIFT is a scenario-based interactive approach, in which a database is
created that can be queried to describe the biophysical consequences of
any number of potential future flow regimes. However, it does not
specifically address the present ecological state in relation to the minimally
modified system. BBM is a prescriptive approach that requires
identification of a single predetermined condition in relation to the
expected minimally modified condition, after which a single flow regime
is described to facilitate maintenance of that condition,
BBM “builds up” a recommended flow regime from scratch, whereas
DRIFT takes the present-day flow regime as a starting point, and describes
the consequences for all aspects of the river of further reducing the flow
regime in different ways, and
DRIFT is designed to describe and quantify the links between changing
river condition and the social and economic impacts for the riparian people

who rely on the river for subsistence.

Flow-Stressor Response (FSR): FSR is a newer method designed to be used on its
own or as part of holistic methods such as the BBM and DRIFT. The FSR is

based on the application of a generic index describing the progressive
consequences to the flow-dependent biota of flow reduction. The indices of stress
range from O (corresponding to a condition of no stress) to 10 (very high stress
stage). Flow hydraulics and associated habitat changes are related to biotic
responses in terms of abundance, life stages, and persistence (O Keeffe and
Hughes, 2004).

The application of the method consists of the following steps:

Site selection, site survey, and description of sites in terms of hydraulic
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parameters (depth, flow velocity and wetted perimeter) a a range of
discharges,

Development of curves that describe the relationship between changing
discharge and stress for critical flow-dependent species or groups,
Converting the natural and any other flow time series to a stress time
series,

Developing stress profiles which describe the magnitude, duration and
frequency of stress levels experienced by target species for different flow
scenarios,

Assessing the relative changes in biotic stress for various flow scenarios,
and

Identifying the scenario for which the stress profile will impose the least
additional stressto the biota

Application of any of the South African methodologies (BBM, DRIFT or FSR) to
set the ecological flows requires an interface between hydrology and water
requirements of different components of a river. This interface is found in the
hydraulic analysis of flow in natural open channels. The results of hydraulic
analyses and modelling therefore form the essential link between the way in which
the hydrologists, engineers and water managers express the flow of water in the
river in terms of flow rate, and the way in which river ecologists express the water
requirements of the river ecosystem itself in terms of hydraulic variables such as
depth and velocity (Birkhead, 2002).

The success and confidence with which flow requirements are assessed therefore
depends to alarge extent on the quality and reliability of the hydraulic information
used. The role of hydraulics for estimation of Ecological Flow Requirements
(EFRS) is discussed below.

24 Ecological Flowsand Hydraulics

EFRs specify the flows for the various biotic components of a river in terms of

parameters such as flow depth, flow velocity and wetted perimeter, adding time as
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a parameter by referring to the frequency of exceedance of a particular flow rate,
or the duration of inundation resulting from a particular flooding event (Tharme,
1996).

Approaches have been developed for the application of river hydraulics in EFR
assessment based on collaboration with specialists, including hydrologists, fluvial
geomorphologists, fish and invertebrate biologists (Rowlston et al, 2000). These
approaches are discussed with reference to the location of appropriate sites for
ecological flow assessment, topographical river channel surveys, requirements for
the collection of hydraulic data, appropriate hydraulic analysis and modelling, and
the presentation of hydraulic information for use by specialists assessing the
ecological flow requirements during an EFR’s specialist meeting.

The Terms of Reference for the hydraulic specialist in the descriptions of the tasks
necessary to carry out the study as sat out in the Manual for the Building Block
Methodology (King et a, 2000) are:

Site selection,

Site cross-sectional and longitudinal profile surveys,

Collection of hydraulic data,

Reduction of survey and hydraulic data,

Hydraulic analysis and modelling,

Reporting, and

EFR specialist meeting.

The responsibility of the hydraulic specialist isto carry out hydraulic analysis and
modelling, to provide hydraulic information to assist aquatic scientists in
determining ecological flow requirements. Researchers in environmental flow
tend to quantify the water needs of the various biotic components in terms of
parameters such as water depth and flow velocity (Rowlston et a, 2000). The
primary product of hydraulic work comprises a series of relationships between
flow rates and flow depth, flow velocity, wetted perimeter and water surface
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width. Fluvial geomorphologists and ecologists use this information to make flow

recommendations.

A number of studies have been conducted on the ecological effects of flow
regulations on river biota (e.g., Armitage et al, 1987, Gore et a 1989, Morgan et
al, 1991, Petts et a, 1993, Finlayson et al, 1994, Englund and Mamaqvist, 1996,
Ward and Stanford, 1979, Cortes et al, 2002). The influence of flow in regulated
rivers on river biota and fauna can be interpreted through the physical response of
the rivers to modified flow, which affects the aguatic habitats. Throughout the
world, aguatic animals have been used to assess the biological integrity of stream
ecosystems (Rosenberg and Resh, 1993, Barbour et al, 1996) as they offer a good
reflection of the prevailing flow regime and water quality in ariver.

For effective and ecologically responsible river management, an understanding of
aquatic animals' habitats and links with the physical hydraulic parameters in
riversistherefore essential.

24.1 Defining hydraulic habitat for aquatic animals
Surface flow types or aguatic biotopes are distinct patches of hydraulic character
and they have been used widely in the U.K and elsewhere for broad scale habitat
assessment (Kemp, et al, 1999). Biotope identification is based on a visual
assessment of the surface flow character at a site. The surface flow patches have
been classified as follows:

BSW - Broken standing waves,

USW — Unbroken standing waves,

CF — Chute flow,

UF — Upwelling flow,

RF — Ripple flow,

NPF — No perceptible flow, and

SBT — Smooth boundary turbulent.
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The approach that uses the aguatic biotopes is predicated on the notion that a
surface flow type represents a distinct suite of hydraulic conditions that have
biological relevance. It has been used for differentiation of benthic habitat in river
assessment and sampling programs (Newson and Newson, 2000, Palmer, et al.,
2000). Many streams exhibit a diversity of surface flow types and their spatial
arrangement changes significantly in association with even small flow changes
(Dyer and Thoms, 2006). Thoms and Reid (2007) demonstrated that the surface
flow types do not always provide a clear measure of benthic hydraulic conditions.
While the surface flow types associated with higher energy conditions — BSW,
USW and CF clearly differentiate from the lower energy surface flow types of
UF, RF and NPF there is limited distinctiveness in terms of near bed flow
character between these groups. Thus the use of surface flow types should be
used with caution.

Application of hydraulic biotopes (suggested by Wadeson (1996) and Rowntree
and Wadeson (1998)) for description of biota habitats in South Africa has been
discussed by Jordanova and James (2004). Hydraulic biotopes are recognised
primarily by the appearance of the water surface and reflect the governing
hydraulic control, although this is rarely recognized explicitly. The main types
recognised are backwaters, pools, glides, runs, riffles and cascades. Although
identification of hydraulic biotopes is essentially descriptive and subjective,
Rowntree and Wadeson (1998) maintain that they can be objectively characterized
by quantitative hydraulic indices. The indices selected are the Froude number, the
velocity/depth ratio, the Reynolds number, the shear velocity and the roughness
Reynolds number. It should be noted that with the exception of the shear velocity
(which is most relevant for describing near-bed conditions), these indices are
dimensionless and give no indication of absolute values of depth or velocity
which are what aquatic animals actually respond to. Although identification of a
hydraulic biotope is useful in broadly categorizing the flow, which enables the
appropriate control and hydraulic analysis method to be identified, it cannot

provide values of flow depth and velocity for comparison with species preference.
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The velocity-depth distributions and associated substrate and cover features
provide a wide range of habitats for aguatic animals. Predictions of these
hydraulic parameters are crucial for determining ecological flow requirements for
fish and macroinvertebrates because aguatic animal occurrences are strongly
correlated with the most important physicochemical factors in an ecosystem,
which in turn influence species richness, population dynamics, resilience and
abundance (Poff and Ward, 1990).

As fish and macroinvertebrates have been used in South Africa to assess EFRs, a
discussion related to their physical habitats in term of hydraulics is presented in
the following sections 2.4.2 and 2.4.3 respectively.

24.2 Hydraulic habitat for fish
The quality and quantity of available fish habitat is an indicator of occurrence of
individual fish species. For the assessments and evaluation of the fish response to
habitat conditions, it is essential that fish habitat and its components be properly
defined (Bain and Stevenson, 1999):
Habitat: “specific type of places where individuals, populations, or
assemblages can find the physical and chemical features needed for life.
Habitat features include water quality, spawning sites, feeding areas, and
migration routes,”
Habitat components: “single elements (such as velocity, depth or cover) of
the habitat where an organism lives or occurs. Component is Synonymous
with attribute,” and
Habitat diversity: The number of different habitat types within a given

area.

Fish experience upstream-downstream gradients in natural environmental
variability. Such patterns of upstream-downstream environmental variation and
the consequent adaptations of life history characteristics are reflected in the
temporal variation in the community structure of fish (Schlosser, 1995).

Environmental conditions of the upstream and downstream areas are associated
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with changes in flow regime, channel morphology, and physical-chemical
attributes such as temperature and oxygen. Structural characteristics of stream
reaches consist of sequences of habitat channel units such as pools and riffles.

Hydraulic morphological units relevant to fish habitats as identified by Bisson, et
al (1982) are:
1. Pools:
Bluff,
Lateral,
Obstruction,
Mid-channel,
Forewater,
Backwater, and
Edgewater.
2. Runs
3. Riffles:
High-gradient,
Medium-gradient, and
Low-gradient.

The links between physical and biological fish habitats have been studied (Probst
et al, 1984, Todd and Rabeni, 1989, and Livingston and Rabeni, 1991), and it has
been found that fish have affinities for particular habitat units, which differ
between species, and by time of day and season.

However, the channel unit scale of resolution is not sufficient to describe habitat
preferences for fish. For this reason, in each channel habitat unit, habitat at a
smaller scale can be classified in different ways, which reflect the importance of
variables such as flow depth, current velocity, current variability, substrate
coarseness, and substrate heterogeneity.
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One classification of channel habitat at a smaller scale is in term of subunits. Five
subunits were proposed as midstream of riffles (MR), pool tail (PT), pool head
(PH), fast-current edge (FE), and slow-current edge (SE). It has been shown that
longitudinal variations in the abundance of fish are related to the abundance of
subunit habitat rather than channel-unit habitat (Inoue and Nunokawa, 2002).

In South Africa fish habitat classification is determined by flow-depth classes.
Kleynhans (1999) suggested that the hydraulic information necessary to
characterize habitat for fish is depth-averaged velocity (V) and flow depth (D).
Together with substrate and vegetation cover information, these are sufficient to
broadly describe fish habitat. Further, he suggests that velocity and depth need
only be specified coarsely, and has proposed the following four velocity-depth
classes (hydraulic habitat types), as adapted from Oswood and Barber (1982):

Sow (<0.3 m/s) and shallow (<0.5 m): This includes shallow pools and

backwaters,

Sow (<0.3 m/s) and deep (>0.5m): This includes deep pools and

backwaters,

Fast (>0.3 nVs) and shallow (<0.3 m): Shallow runs, rapids and riffles fall

inthisclass, and

Fast (>0.3 m/s) and deep (>0.3 m): Deep runs, rapids and riffles fall under

this class.

For each velocity-depth class, the presence of features that provide cover for fish
(i.e. refuges from high velocity, predators and high temperatures) are also taken
into consideration (Kleynhans, 1999). These features include:
Overhanging vegetation: thick vegetation overhanging water by
approximately 0.3 m and not more than 0.1 m above the water surface.
Thisincludes marginal vegetation,
Undercut banks and root wads. banks overhanging water by

approximately 0.3 m and not more than 0.1 m above the water surface,
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Stream substrate: various substrate components (rocks, boulders, cobbles,
gravel, sand, fine sediment and woody debris “snags’) that provide cover
for fish,

Aquatic macrophytes. submerged and emergent water plants, and

Water column: used to assess depth in relation to the size of fish.

The velocity-depth descriptions and associated substrate and cover features
provide a broad categorisation of hydraulic habitats for fish that can be used
through hydraulic modelling for EFRs.

243 Hydraulic habitat for macroinvertebrates

Riverbed substrate elements are important in the creation of suitable habitat for
macroinvertebrates. Near-bed flows can be described by combining flow
velocity, flow depth and substrate roughness to provide a means of quantifying
the flow regime occurring within the microhabitats of stream benthos (Davis and
Barmuta, 1989, Young, 1992, and Y oung, 1993).

The physical factors of flow depth and roughness height, longitudinal spacing,
and density, can be used to explain the distribution and abundance of stream
benthos. Five categories of near-bed flows related to habitat for
macroinvertebrates were recognized (Davies and Barmuta, 1989):

hydraulically smooth,

hydraulically rough - chaotic flow,

hydraulically rough - isolated roughness flow,

hydraulically rough - wake interference flow, and

hydraulically rough - skimming flow.

The longitudinal spacing between substrate elements was identified as the
dimension of greatest importance in determining the nature of the flow
microenvironment. |f the roughness elements are far apart and the wake zone and
vortex zone at each element are completely developed then isolated roughness

flow will occur. When the roughness elements are placed close together and the

2-21



Chapter 2: Background

wake and vortex zones at each element are not completely developed a flow
named wake interference will occur. Skimming flow occurs when the roughness
elements are so close together that the flow skims the tops of the elements
(Morris, 1954). The threshold between wake interference flow and skimming
flow is physically not as well defined as the threshold between wake interference

and isolated roughness flows.

Each of the near-bed flow regimes has a number of different flow zones where
velocities are different. Flow velocity is an important hydraulic parameter that
relates to the physical habitat of benthic invertebrates. From an analysis of near-
bed flow velocities measured in a reconstruction of a cobble river bed in a flume,
four hydraulically different habitats have been identified (Y oung, 1996):

the exposed tops of roughness elements (TOPS),

the sheltered lees of roughness elements (LEES),

the exposed faces of roughness elements (FACE), and

the partly sheltered areas mid-way between roughness elements (MIDS).

The flow zones have been suggested as more relevant to the prediction of benthos
distribution than habitat classification in terms of pools, runs and riffles.

The differences in flow velocities between the four hydraulic habitat types were
determined by Young (1996). Analysis of these measurements showed that both
sheltered and exposed hydraulic elements exist in the near-bed regime and that
there are significant differences between the four hydraulic habitat elements. The
average velocities were 1.7 % and 14 % of the mean mainstream velocity in the
sheltered habitat and in the partly sheltered habitat types respectively. This study
shows that mean stream velocity does not characterize the habitat diversity of
different roughness elements in cobble bed streams sufficiently for effective
ecological interpretation and prediction. Benthic flow conditions are very
complex, and the mean flow velocity and the mean flow depth are not considered
useful in ecological studies (Statzner et al, 1988).
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Velocities around boulders under natural field conditions can now be measured
with the aid of highly developed instruments such as the acoustic Doppler
velocitimeter (ADV). The ADV can be used to measure velocity at fine-scale for
a given point of interest as well to estimate turbulence intensity and shear stress.
Field velocities measurements around boulders showed complex flow patterns,
especially when a large roughness element predominated in determining the flow
configuration (Bouckaert and Davis, 1998). Near-bed velocities measured at the
front and wake regions didn’'t show significant difference while the benthos
differed significantly between these regions. This suggested that benthic
macroinvertebrate communities may be influenced by turbulent regimes rather
than directly by velocities and associated drag forces.

In South Africa hydraulic requirements of different invertebrate groups were
tabulated, and it has been shown that some species or taxa are less sensitive to
depth changes (O’'Keeffe and Dickens, 2000). Therefore the main hydraulic
parameter used in the classification of macroinvertebrate hydraulic habitat is
depth-averaged velocity. This, together with substrate type and vegetation, may
be used to broadly describe macroinvertebrate habitat. Two of the proposed
habitat type definitions are modifications of the well-known macroinvertebrate-
based biotope classifications. “Stones in Current” (SIC) and “Stones out of
Current” (SOC). These definitions originate from the SASS (South African
Scoring System) index for broadly assessing river condition on the basis of the
sensitivity of macroinvertebrate families present a a site. These biotope
definitions are not particularly meaningful from hydraulics (i.e. use of the term
“current”) or geomorphological (i.e. use of the word “stones’) perspectives, and
have therefore been modified. The proposed five habitat type classifications are
(Jordanova et a, 2004):

S Sow (< 0.3 m/s) flow over/around Coarse Sediments (size > 16mm)

and bedrock, and

FCS Fast (> 0.3 m/s) flow over/around Coarse Sediments (size > 16 mm)

and bedrock.
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The SIC and SOC substrate classifications have been modified to include
substrates other than gravels (equivalent of “stones’ in the original biotope
classification), although it is recognised that large gravel and loose cobbles
generally provide better substrate habitat than boulders and bedrock for rheophilic
taxa. Un-embedded sediments with interstitial spaces also provide superior
quality habitat than embedded sediments. The quality of substrate provided by
submerged and emergent (partially submerged) coarse sediments also differs, and
relative flow depth therefore needs to be taken into account when evaluating the
suitability of these two habitat types.

SV: Sow (< 0.3 m/s) flow through Vegetation, and

FV: Fast (> 0.3 my/s) flow through Vegetation.

These two habitat types include both fringing and agquatic vegetation. Leafy
vegetation is recognised as providing more suitable habitat for vegetation-
dwelling taxa than, for example, sedges or reed stems.

SS Sow (< 0.3 nVs) flow over Fine Sediments (size < 16mm)

This habitat type includes sediments ranging from clays and silt to gravels. The
abrasive action of mobile sediments (particularly sand) reduces the quality of this
habitat type for target macroinvertebrate taxa.

The proposed habitat types have been classified hydraulically using only velocity,
with depth incorporated through relative submergence of coarse substrates and
bedrock (FCS and SCS categories). A threshold velocity of 0.3 nVs is used to
distinguish between slow and fast flow, and additional divisions of these
categories may be required, e.g. very slow (< 0.1 nVs) and very fast (> 0.6 nvs).
These velocity classes will require refinement based on future development and
testing. Velocity is defined by cross-sectional average values, recognising that the
gpatial distribution of velocity is complex and highly variable in rivers
characterised by large relative roughness under low flow conditions.
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25 Low Flow Hydraulics

From the discussion above (section 2.4.2 and 2.4.3) it can be seen that physical
habitats of aquatic animals are linked to the velocity and depth distributions. The
bed of a river under low flow conditions affects the velocity and depth
distributions. The hydraulics under low flow conditions, where the flow depth is
the same order of magnitude as the bed material size, is very complex, and
knowledge is limited. Under such conditions, flow within the channel is
characterised by increasing resistance as well as causing flow separation and
turbulent velocity fluctuations making estimation of the depth and velocity and
their distributions very difficult. On the other hand under low flow there isawide
diversity of the physical habitats. Understanding of flow regimes with relatively
large bed elements as well as vegetation influencing overall flow resistance is
essential for environmental studies such as Reserve determination, river
restoration and rehabilitation in which hydraulic parameters are used for

characterizing aguatic animals' habitats.

Hydraulics under low flow is known as a condition of large-scale roughness.
Successful prediction of flow resistance of the large-scale roughness depends on
general understanding of the nature of the flow resistance, and application of the
appropriate approaches for its prediction. Open channel flow resistance and
approaches that have been developed internationally for predicting flow resistance
under different conditions governed by roughness scales are discussed below.

251 Open channel flow resistance

Flow resistance describes a process in river streams by which the physical shape
and bed roughness of the channel control the depth, width and mean velocity of
flow in the stream. Theoretical aspects of open channel flow resistance are
documented in some publications such as Leopold et al (1960), Rouse (1965),
Bathurst (1982), and Yen (2002). In natural open channels the resistance to flow
arises from various energy loss mechanisms associated with form resistance,

channel irregularity, channel curvature and drag induced by objects in the flow,

2-25



Chapter 2: Background

including vegetation. The flow resistance in an open channel could be combined
into four contributing components (Y en, 2002):

Skin friction,

Form resistance,

Wave resistance, and

Flow unsteadiness.

Prediction of flow resistance in natural open channels is therefore a complex task.

Successful prediction of flow resistance depends on an understanding of flow
resistance phenomena as well as application of an appropriate approach for this
prediction. Channel roughness and the presence of vegetation are the main flow

resistance sources in most situations.

The relative depth, y/h, (where y is a flow depth, and h is the bed roughness
height) describes the average degree of submergence of the surface roughness and
it used to distinguish three flow regimes related to scale of bed roughness: large,
intermediate and small (Bayazit, 1976; Bathurst et al, 1981; Bray, 1987). Bathurst
et al (1981) proposed roughness scales classifications using Dsp or Dg, as follow:
y/Dso< 2 or y/Dgs < 1.2 —large-scale roughness,
<y/Dsy < 7.50r 1.2 <y/Dgs < 4 — intermediate-scale roughness, and

y/Dso > 7.5 or y/Dg4 > 4 — small-scale roughness.

Lawrence (1997) strongly stated: “a fundamental dimensionless parameter for
evaluating overland flow hydraulics is a measure of the extent of the inundation of
the surface roughness, as this parameter determines the dominant physical
mechanism controlling the frictional resistance to flow.” She distinguished three
flow regimes by relative depth A defined as the ratio of flow depth y and the
characteristic roughness scale for the surface h: y/h > 4, 1 <y/h <4 and y/h < 1.
Three equations describing the dependence of the frictional resistance (f) on the
relative submergence for each of the flow regimes were proposed. Available
published field and laboratory data were used for evaluation of the proposed
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equations. The frictional resistance (f) is plotted as a function of an inundation
ratio, (L = y/h) in Figure 2-1.

Figure 2-1 demonstrates significant changes of flow resistance f with the
roughness scales. It can be seen that highest flow resistance was recorded for the
relative submergence of 1. It also can be seen that for relative submergences
higher than 10, for the condition of small-scale roughness, the friction resistance f
iS not constant yet. It is apparent (Figure2-1) that the intermediate scale
roughness condition extends for a range of inundation ratio greater than 7.5.
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Figure 2-1 Frictional resistance as a function of flow inundation (L awrence, 1997)

The flow regimes with small, intermediate and large-scale roughness are
characterized by very different functional dependencies of resistance origin.
Well-inundated flows can be described by rough turbulent flow hydraulics. In
this regime, the roughness elements are very small relative to the flow depth, and
they do not significantly alter a one-dimensional flow field. When the roughness
is at intermediate scale, the size of the roughness elements relative to the flow
depth controls the degree of vertical mixing in the flow so that frictional

2-27

Abrahams and Parsons (1931)



Chapter 2: Background

resistance tends to decrease very rapidly with increasing depth of flow. For large-
scale roughness, when the flow depth is less than or equal to the height of the
substrate, the drag force derived from individual roughness elements cause most
of the flow resistance. Lawrence also presents models for the prediction of large-
and intermediate-scale flow resistance for very shallow overland flows rather than
flow over boulders in rivers. Also, the resistance is represented by the Darcy-
Weisbach friction factor f, and Darcy-Weisbach is a surface resistance equation,
which is not really appropriate for large-scale roughness conditions.

Vegetation plays a vital role in protecting the bed and banks from erosion, and
preventing scour as well as providing environmental habitats for aquatic animals.
On the other hand, vegetation increases flow resistance by increasing roughness
and reducing channel capacity due to its bulk and the increased turbulence around
trees, vines and brush. Its effects therefore need to be fully understood in order to
describe and predict river processes.

Flow resistance of small-scale, intermediate-scale and large-scale roughness as
well as the influence of vegetation on flow resistance is discussed in the following

sections.

252 Flow resistance of small-scale roughness

When we consider the flow resistance of small-scale roughness, the boundary
resistance is the result of shear and pressure forces acting on the grains
comprising the boundary, and the applied force per unit plan area is balanced by a
resisting boundary stress

t,=0RS 21
where to : shear stress at the boundary,

g : gpecific weight of fluid,

R > hydraulic radius, and

S - longitudinal bed slope.
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The proportionality between boundary shear and average flow velocity can be
described by (e.g. Henderson, 1966)

t,=arV? 2.2
where a : dimensionless coefficient,

r : fluid density, and

Vv -average flow velocity.

Combining equations (2.2) and (2.3) gives

v=/9Rs 23
a

where gisthe gravitational acceleration.

Various equations, based on the assumed proportionality between boundary shear
and average flow velocity have been proposed. All of these account for the
resistance processes with a single coefficient of resistance (Bathurst, 1982). The

most commonly used equations are the following:

Darcy-Weisbach:
V= 8—9\/ RS 24

where fis Darcy-Weisbach friction factor.

Chézy:

V =C+VRS 2.5
where C is Chézy resistance coefficient.

Manning:
v =1Rr%s" 26
n
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The Manning equation has become the most popular resistance equation for
natural rivers. Some publications such as “Guide for Selecting Manning’s
Roughness Coefficients for Natural Channels and Flood Plains” (US Geological
Survey, 1989) describe procedures for determining the flow resistance in natural
open channels using the Manning equation (2.7) where the value of n indicates not
only the roughness of the wetted perimeter but also the effect of all types of
irregularity. The procedure involves, first, the selection of a basic value of ny, for
a straight, uniform, smooth channel in natural materials that represents the skin
friction, and then estimation of five factors regarding irregularity of the surface of
the channel sides and bottom, variations in shape and size of cross sections,
obstructions, vegetation and meandering of channel.

According to US Geological Survey (1989) the value of n for natural channels and
flood plains can be calculated as

n=(n, +n,+n, +n, +n,)m 2.7
where n : Manning resistance coefficient,

Ny . basic value of n for a straight, uniform, smooth channel in natural

materials,

ny - correction factor for the effect of surface irregularities,

n, - value of variations in shape and size of the channel cross section,

N3 : value for obstructions,

Ny : value for vegetation and flow conditions, and

m . correction factor for meandering of the channel.

The Manning’ s equation has come to be the most widely used resistance equation
in practical river hydraulics. Tables of values of Manning’s n for different surface
roughnesses are presented in most open channel flow textbooks.

Various refinements have been made to the friction factor estimation. The ASCE

Task Force on Friction Factors in Open Channels (1963) reviewed the information
available at the time and recommended using f rather than n because it correlates
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better with experimental data over a wide range of conditions. The following

equations are recommended for estimating f.

For hydraulically rough flow:

1 ®aR0

—— = clogg—+ 2.8
Jr 9%k s
For hydraulically smooth flow:

1 I aeR f2 29
—— = clogg Re—= :
Jt T ClokRe
For transitional flow:

&k 0
b 210

1 . 0
J7 %R Re T s

where Re : Reynolds number and

Ks - Nikuradse roughness,

The Task Force presented values of the coefficients a, b and ¢ derived from
various data sets. Representative valuesarea=12, b=251andc= 2.

Values of ks for concrete and masonry surfaces are presented in most open
channel textbooks. Values range from 0.15 mm for very smooth concrete to
1.5mm for gunite or shot concrete to greater than 5 mm for rubble masonry.

253 Flow resistance of inter mediate-scale roughness

From laboratory experiments (Bayazit, 1976) it was found that once relative
submergence, y/h is less than a value of 3.3, the resistance of the flow is higher
than that predicted by the logarithmic resistance equation (2.8) for small-scale

2-31



Chapter 2: Background

roughness, therefore the resistance equations for small-scale roughness are not
appropriate for these cases. When the relative submergence, y/k lies between 1
and 3.3, both, form drag and skin friction contribute significantly to flow
resistance, and the roughness is intermediate-scale.

The total shear stress, t for the condition of the intermediate-scale roughness can
be expressed in dimensionless form as the sum of two components (Roberson and
Wright, 1973)

:_Z +:_; =10 2.11
where 75 . shear stress on the background surface, and
Tr . effective shear stress due to drag of the discrete roughness
elements.

The effective shear stress due to drag of the discrete roughness elements, 7, is
obtained as follows

¢ =1F 212
A,
where A : large roughness element concentration,
Fq : drag force of the roughness elements, and
Ay . base area of the roughness elements.
The roughness concentration is proposed to be defined by
| = ni 213

where n is number of roughness elements with base area A, in a total boundary
area A.

The drag of the roughness element can be related to an approach velocity by
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F, =C, (‘)%r Vida, 2.14

where Cy . drag coefficient,

V  :approach velocity, and

A . projected area of the roughness element.

The drag coefficient, Cy was determined to be 1.70 from an experimental study by
Mirajgaoker and Charlu, (1963) who studied flow in flumes with sand and gravel.

Hey (1979) modified the Colebrook-White equation (2.8) making explicit
allowance for the effect of cross-sectional shape, differences in bed and bank
roughness and nonuniform sediment on the resistance to flow

L 5031008 o
_— = i O _—
Jt 935D,

where a -coefficient varies with the cross-sectional geometry of flow, and

2.15

R : effective hydraulic radius.

Field data were used to evaluate the proposed flow resistance equation (2.15).
Equation (2.15) is recommended for use when R/Dg, is higher than 1 (Thorne and
Zevenbergen, 1985).

The friction factor equation for fully developed turbulent flow can aso be
expressed in power form, i.e.

ey 0
Y - 2.16
D, 5
where a . coefficient,
b : exponent, and
Dy : sediment size characteristic.
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Field data from natural gravel-bed rivers have been used for development of the

friction factor equations for different sediment characteristics (Bray, 1979) given

by

1 ey 8%
2 o7t Y 2 217

7T %0,

A friction factor equation for the variation of 1/f “? with RIDs for the relative
submergence of 1<R/Dsp<200 is (Griffiths, 1981)

..0.287
1 &R 0

—=133¢—+ 2.18
R T

It can be seen that the relative submergence for which the equation (2.18) was
developed covers two roughness categories, intermediate and small-scale
roughness.

A similar equation describing the dependence of the friction resistance on the
relative submergence for the intermediate scale was proposed by Lawrence
(2997):

.2
f =50§_‘§ k2 2.19
Yo

where k is the von Karman’'s constant in turbulent velocity profile

Nikoraet a (2001) suggested that double averaged momentum equations could be
used as a natura basis for the hydraulics of rough-bed open channel flows.
Relationships for the vertical distribution of the total stress for two-dimensional,
steady, uniform, spatially averaged flow over a rough bed with flat free surface
were derived. The following relationships for the condition of the intermediate-

scale roughness (Egs 2.20 and 2.21) were suggested
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8_amd 2.20
f g H
or
892 éH U’
f= A 221
m? &d
where a : slope,
m . parameter depending on roughness geometry,
d : boundary between logarithmic and linear flow regions, and
H - maximum flow depth.

254 L arge-scale roughness

Under low flow conditions the main source of energy loss in water flowing over a
rough surface is the generation, spreading, and dissipation of vortices from the
wake and separation zones behind each roughness element. Three basic flow
types have been denoted as isolated-roughness flow, wake-interference flow, and
guasi-smooth (or skimming) flow (Morris, 1954). Isolated-roughness flow occurs
when roughness elements are far apart, and the individual elements act as isolated
bodies, developing drag forces on the flowing water. Under this condition, the
wake zone and vortex-generating zone at each element are completed and
dissipated before the next element is reached. Wake-interface flow appears with
roughness elements placed sufficiently close together that the zones of separation
and vortex generation and dissipation associated with each element are not
completed before the next element is encountered. Quasi-smooth or skimming
flow results when the roughness elements are so close together that the flow skims
the tops of the elements. Under this condition, there will be regions of dead water
containing stable vortices between the elements.

A number of studies have been carried out to investigate flow resistance over
rough surfaces with different relative submergences, and methods and equations
for its prediction have been proposed (Dittrich and Koll, 1997; Lawrence, 1997,
Lawrence, 2000; Nikora et al, 2001; Smart et al, 2002).

2-35



Chapter 2: Background

Various attempts at prediction of flow resistance under large-scale roughness
conditions have resulted in a number of different approachesthat can be classified
into the following groups:

Non-dimensional semilogarithmic,

Dimensional power,

Non-dimensional power,

Deterministic, and

Numerical.

Nondimensional semilogarithmic approaches
Semi-logarithmical approaches have been based on boundary layer theory, and

these are of the form:

1 R
——=¢,lo + 2.22
\/T 0 g( CZ DX ) Cl
where f : Darcy-Weisbach friction factor,
R > hydraulic radius,
Dx . X percentile particle grain size,
Co, C1, &2 : constants.

A number of equations have been developed for gravel-bed channels that take into
account the effect of cross-sectional shape, differences between bed and bank
roughness, and the effect of nonuniform sediment on flow resistance.

Bathurst (1985) validated application of the semilogarithmic resistance equation
(equation (2.15)) that has been developed for intermediate scale roughness, for
application to large-scale roughness conditions. He concluded that equation (2.15)
under-predicts flow resistance, and proposed the following eguation (2.23)

@]

LA/2 .
B _5eologr ) 244 2.23
f 84 @

N

wherey is flow depth.
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When bed roughness elements are large relative to flow depth, determination of
the hydraulic radius as the ratio of flow area to wetted perimeter becomes
ambiguous. The volumetric hydraulic radius (R)) is therefore proposed by some
researchers to be used instead of the conventional hydraulic radius (e.g., Bathurst
et al, 1981; Smart et al, 2002). The volumetric hydraulic radius is defined as the

volume of overlying water per unit plan area of bed.

Smart et a (2002) proposed a flow resistance equation in terms of the volumetric
hydraulic radius given by

Y osn@ g 224
edg
whered . representative roughness length characterizing the bed material,
B : general coefficient,
U : mean flow velocity, and
U : bed shear velocity.

Nondimensional power approaches

Several investigators (Bray, 1979; Griffiths, 1981; Bathurst, 2002) have
developed nondimensional power equations based on field data for gravel rivers.
A general form of the nondimensional power equation is:

1 &R 8
:b0 T
\/T gbZDxﬂ

where by, by, by are constants.

2.25

Bathurst (2002) analysed 27 field data sets to derive separate at-a-Ste
relationships and investigated how they could be collapsed into a single formula.
It was suggested that flow resistance can be more accurately described by a power
law than by a semi-logarithmic law. Relative submergence based on Dgs was
found to be the primary predictor of the flow resistance. Two power law relations
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related to channel slope were identified, and two equations were therefore

proposed.

Channel slope, S< 0.8%:
(8/f)12 = 3.84 (y/Dgs) > 2.26

Channel slope, S> 0.8%:
(8/f)12 = 3.10 (y/Dgs)** 2.27

Field data for investigating the flow resistance and development of the equations
(2.26 and 2.27) have not been distinguished for the different scale roughnesses.
The range of the relative submergence of field datasets used for development
varied from 0.37 to 11.4.

Dimensional power approaches
Another empirical approach to derive a relationship for flow resistance is by
means of power laws. The relationship between the mean velocity and the

discharge can be formulated as:

V=cQ" 2.28

where ¢ and mare regression coefficients.

Some of the existing power approaches for resistance prediction under low flow
conditions introduce additional variables such as the channel slope and the
roughness parameter (Dy). Rickenmann (1994, 1996) proposed the following
equations for different slopes:

Channel slope, S>0.6%:

V =0.37 g0.33QO.34 §.20 D90-0.35 229
Channel slope, S<1%:
V =0.96 g0.36QO.29 §.35 D90-0.23 230
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Based on field data from 21 streams in the Rocky Mountains of Colorado,
multiple-regression analyses yielded an equation for predicting Manning's
resistance coefficient (n) as a power function of the hydraulic radius and the
friction slope (Jarrett, 1984):

n=0.39R*¥S %% 231

As flow resistance under low flow conditions depends on the roughness geometry,
its determination requires definition of aroughness parameter. It can be seen that
a characteristic index of grain roughness (Do) is incorporated into Egs 2.29 and
2.30, while the hydraulic radius is used in Equation 2.31. A single grain size
gives a coarse description of the roughness geometry, while calculation of the
hydraulic radius based on the wetted perimeter is problematic when flow depth
and height of substrate are of the same order of magnitude (Aberle and Smart,
2003). The standard deviation of the bed elevation as characteristic of roughness
structure of rough beds was therefore introduced and based on laboratory
experiments the following equation was proposed by Aberle and Smart (2003):

V= 0.9690'20 §.20 q0.60 S—O.4O 232
where g . acceleration due to gravity,

q : gpecific discharge per unit width,

S : standard deviation of the bed elevations.

Flow resistance depends strongly on the bed roughness geometry, however,
determination and application of a roughness parameter to be incorporated into
resistance prediction is still problematic. On the one hand, it should be
measurable in the field but at the same time it should give arealistic description of
the bed geometry. Bed roughness characterization is therefore discussed below.

Aberle and Smart (2003) investigated the statistical properties of a series of bed
profiles in order to quantify the effect of bed roughness on flow resistance.
Analysis of longitudinal bed profiles from laboratory experiments identified the
standard deviation (s) of the bed elevations as an appropriate roughness
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parameter. The following equation for prediction of flow velocity over a rough

bed was proposed:
u=096g°°S"*q°®s 2.33
where g . acceleration due to gravity,

S : slope,

q : discharge per unit width,

S : standard deviation of the bed elevation.

It was concluded that the use of the standard deviation as a characteristic
roughness leads to an improvement in estimation of flow resistance compared to
the results obtained by using only the characteristic of sediment size (D,) as a

roughness parameter.

Deter ministic approaches

In a natural stream with bed roughness elements that are comparable in size to
flow depth, large elements act as obstacles to the flow. When flow is forced
around the large elements, drag forces are exerted on those elements and the
momentum of flow is locally reduced, thus modifying the velocity distribution.
The bed roughness configuration affects the overall velocity distribution.
Prediction of the cross-sectional averaged velocity as well as the velocity
distribution over a rough river bed requires partitioning of the total bed shear
component into a fluid component and a form-drag component associated with
flow around bed roughness elements (Wiberg and Smith, 1991).

For an isolated roughness element skin friction is not significant, and the drag
force (Fq) causing the flow resistance can be described by

F, :%Cd rvZzA, 2.34
where Cy . drag coefficient,
r . density of water,

Vy : approach velocity, and
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A4 . cross-sectional area of roughness elements exposed to flow.

The cross-sectional area of the roughness elements exposed to flow (Ag) is a
function of the roughness element shape and size,

Ay =sd, d, 2.35
where s . shape related factor,

dy : transverse dimension of a roughness element, and

d, : submerged height of a roughness element.

If a roughness element has semi-elliptical shape then the shape related factor (s;)
issi=p/4.

The drag force is assumed to be transferred to the bed as a shear stress (ts) acting

on area of bed (As) i.e.

Fq =t A =t s,d d, 2.36
where s, . another shape related factor, and
dx : longitudinal dimension of a roughness element.

For a semi-elliptical shape of roughness element, the shape related factor is
S=S1=p/4.

If the shear force is transferred only by the roughness elements, then the average
shear stress over a particular area of the bed is

t,=t.p 2.37

where p is a ratio of basal area of a roughness element to the area of bed
considered.
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Combining equations (2.34 — 2.37) an approach velocity can be calculated as
(Smart et al, 2002)

Vx = dex 2.38
Cdr Sldzp

Jonker et al (2001) proposed an equation for mean flow velocity in rivers under

conditions of large-scale roughness:

V=29 d 2.39

S0
C,

where d : cobble diameter,
S . channel gradient, and
Cy : resistance coefficient.

Extensive published data were used for evaluation of the applicability of equation
(2.39). From these data, corresponding values of resistance coefficients (Cy) were
calculated and plotted (Figure 2.2). Correlation between resistance coefficient
(Cy) and relative submergence (R/dsp) was derived as.

&R (')"2'166
C, =05285¢ = 2.40
50 @

where R isthe hydraulic radius.
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Figure 2-2 Relationship between C, and R/ds, (Jonker et al, 2001)

It can be seen (Figure2-2) that good correlation exists between Cx and R/dsp, but
values of the Darcy-Weisbach resistance coefficient f as calculated from the
Darcy-Weisbach equation do not explain the datawell. It also is evident that only
one data point for relative submergence less than one was used. It is apparent that
good correlation exists between theoretical and experimental values under
conditions of intermediate scale roughness, but further investigation for the

condition under large-scale roughness is still required.

Wohl and lkeda (1998) used seven different configurations of bed roughness as
well as a plane bed to study the effect of bed roughness configuration on velocity
distribution. Sixteen conditions of varying discharge and slope were performed
for each configuration. The flow resistance for each configuration was calculated

in terms of the resistance coefficient:

| 4 =22gdS,, /V? 2.41
wherel 4 : resistance coefficient,

d : flow depth,

Sy . water surface slope, and

\% . mean velocity.
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Vertical velocity profiles were measured at 1 cm increments over the crest of the
roughness elements. The laboratory results indicate the following:
The velocity profile shape remains fairly constant for a given roughness
bed configuration and slope as discharge increases.
Velocity profiles become less linear at the measurement point immediately
downstream from the roughness element as slope increases.
The maximum value of flow resistance in term of the resistance coefficient
(equation (2.41)) was observed for all values of discharge and slope for
roughness length/height ratio of about 9.
Longitudinal patterns of roughness elements create much less flow

resistance than transverse patterns.

Using double averaged momentum equations, Nikora et a (2001) proposed the
following equations for the condition of the large-scale roughness:

E = CmE 242
f d

or

8 iu
28HH

f= 243

('D.‘D

where C is parameter of velocity distribution.

Lawrence (1997) investigated flow resistance under large-scale roughness

condition and proposed the following equation:

f:8nh2CdMINg%,%g 244
where n : number of roughness elements per unit area,

Cq . drag coefficient of aroughness element,

MIN [a,b] : the minimum possible value taken on by either

variablea or b.
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Further investigation and laboratory experiments were performed (Lawrence,
2000), and a drag model was developed that accounts for the contributions of
individual roughness elements to total flow resistance under the large-scale
roughness condition was proposed. A proposed equation for calculation of flow
resistance in terms of friction factor f is:

_ 2PA(y/h)Cy
[1- Pv(y/n)

f 245

where P : fraction of surface covered by roughness elements,
Cyq . drag coefficient,
A(y/h) : factor accounts for the change in frontal area with inundation,
V(y/h) : factor to account for volume of roughness elements.

The drag coefficient (Cq) drops off rapidly once the roughness elements become
submerged. Based on experimental data with 18 % areal coverage, the following
relationship was proposed:

Cq = A+Btanh[a(y/h- 1)] 2.46

where A, B and a are fitted parameters.

Flow resistance for the large-scale roughness condition is associated with high
values of effective frictional factor. These high resistance values may result from
increased resistance due to the effects of hydrostatic wave drag around elements
associated with deformation of the free surface on protruding or marginally
inundated roughness elements, and the drag force derived from individual
roughness elements. This regime is very complex and therefore cannot be
explained using simple drag models only (Lawrence, 2000). The mixing length
model (following) that was developed for intermediate scale roughness was
extended into the range of large-scale roughness for moderate Reynolds numbers
(Lawrence, 2000).
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Lawrence (2000) proposed the following mixing length model for the large-scale,
which combines the turbulent mixing length scale with the height of the roughness

elements as

f=10CsP 2.47

inwhich Cs isaroughness height scaling coefficient and P is the fractional cover.

Ferro (2003) presented an attempt to modify the mixing length and drag models
proposed by Lawrence (1997, 2000) and a quasi-theoretical model that was
calibrated by available experimental gravel bed data. Using experimental data
(Ferro and Giordano, 1991; Baiamonte and Ferro, 1997; Ferro, 1999) the drag
coefficient (Cq4) values were calculated by the following equation deduced by
equation 2.45:

1é 2G U
C,=—d- 2 &
‘ ZGSL 3(y/d50)H

2.48
where T is the concentration of coarse elements, defined as I'=100 (N/Nmax) On
with N is number of randomly arranged coarser elements and Niax IS maximum

number of coarser elementsit is possible to arrange in the reference area.

By the statistical analysis of the available experimental data, a power equation for
f was proposed (Ferro, 2003):

.oy
b,
F=10%&Y 2 Fr 2.49
84 9

where by, by and b, are numerical coefficients.
Relationships between the numerical coefficients (bp, by and by) and the

concentration (I') for a given ratio of median size of a coarse to a median size of

fine components were proposed.
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Numerical approaches

The flow structure over arough bed is very complex, and numerical modelling is
an option for simulation of such a complex phenomenon. Recent advances in
numerical modelling mean that now it is possible to use two and three
dimensional models to simulate flow patterns under complex flow conditions.
Nicholas (2003) used Hydro2de to simulate flow within a braided reach of the
Avoca River, New Zealand. Field measurements obtained at low flow conditions
were used to validate performance of the model. Comparison of modelled and
measured variables showed that field data exhibit greater spatial variability than
modelled results, but generally the modelled results reproduced the systematic
trends in measured data.

Two- and three-dimensional models are powerful tools that are now in common
use for generating hydraulic information. Today, using such powerful tools
simulation of flow patterns within channels, overbank flows, and flows in
estuaries can be performed and show good correlation with field data (Hervouet
and Van Haren, 1996; Connell et al, 1998; Stewart et a, 1999). This kind of
modelling requires not only two-dimensional or three-dimensional software and
an understanding of how to use it, but also requires comprehensive survey and
field data. This kind of modelling is appropriate if the project requires a very
detailed level of results.

255 Bed roughness characterization

Riverbed substrates influence properties of average flow, flow resistance,
turbulence, and sediment motion. Characterization of a riverbed substrate for
many different purposes such as channel roughness, bed load transport, and
habitat description istherefore required as an essential part of river hydraulics and
fluvial geomorphology (Wohl et al, 1996; Nikora et a, 1998). Flow resistance is
controlled by substrate composition, and flow resistance prediction under small,
intermediate or large-scale depends on quantitative description of the bed

roughness. Methods for quantifying riverbed roughness are discussed below.
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Nikora et al (1998) reviewed current methods for quantifying river bed roughness
and combined them into two groups:
Particle size approach, and

Random field approach.

The first approach characterizes the surface of a riverbed by the characteristic
diameter (D,) that represents bed roughness, such as Dsp, Dgs 0or Dgo.  The second
considers the bed surface as arandom field of bed elevation.

Particle size approach

The purpose of the particle size approach is to evaluate the size distribution of bed
particles and to produce one measure of sediment size, such as Dsg, Dgs Or Do,
This approach is widely used in river engineering, fluvial geomorphology, and
stream ecology. The approach originated from Wolman (1954). Wolman (1954)
proposed measuring the intermediate axes of 100 clasts sampled from a grid
system, with the grid size determined by the size of the sampling area. This
sample would represent the areal distribution of material of the bed. According to
Wolman (1954), 100 clasts are sufficient to ensure that there are no significant
differences between operators or between samples for a given operator (Wohl et
al, 1996).

The techniques most often used for sampling bed surfaces can be divided into the
following categories: areal, grid and transect. Grid and transect techniques are
widely used for sampling coarse bed surfaces (D > 8 mm) but are not appropriate
for small particles (Diplas and Sutherland, 1988).

Areal sampling:

An areal sample consists of the grains of the bed that are exposed to the flow
within a predetermined area of the channel bed. The areal sample collected by
using adhesives, clay or wax, is most often analysed as a frequency distribution by
weight. The primary advantage of areal sampling is that adhesives remove the
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smaller particle size range while the disadvantage is that it requires the sample
areato be dry (Diplas and Sutherland, 1988; Flipp and Diplas, 1993).

Grid sampling:

This technique is widely used for sampling coarse bed surfaces in the field. Grid
sampling involves the removal by hand of stones found at specific points. These
points can be established on the bed surface by using predetermined distances on
a survey tape. The simplest variant of grid sampling is known as the Wolman
walk method where an operator would stop a each pace and remove the stone
found under his toe, the eyes being averted or closed (Wolman, 1954). The grid
sample is usually analysed as a frequency distribution of number. The use of the
intermediate average diameter of each sampled stone is recommended (Hey and
Thorne, 1983).

Transect sampling:

This approach is similar to the previous one, involving the collection of the grains
that are located along a predetermined line. The volume of the sample depends on
the axes of the removed particles that are normal to the line (Diplas and
Sutherland, 1988). The transect samples are interpreted in terms of a frequency
by weight or by number for aline sample.

Accuracy of surface sampling for coarse sediments is associated with operator and
sampling errors, as well as with the choice of sampling procedure (Hey and
Thorne, 1983; Wohl et al, 1996).

Random field approach

Another way to describe the bed roughness is a random field of bed elevations
Z(x, Yy, t, where x and y are the longitudinal and transverse coordinates, and t is
time). In this approach, a quantitative description of riverbed roughness is
reproduced by means of dimensional probability functions (m). From limited
published information an important advantage of the random field approach that
makes it preferable to the approach based on the use of the single particle size has
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been recognised. Further investigation in using the random field approach for
gravel-bed roughness characterization resulted in the development of a model
based on the structure function parameterization (Nikora et a, 1998).

Standard deviation approach

Determination of flow resistance requires the definition of bed roughness
geometry. As mentioned above, a single characteristic grain size (Dy) derived
from the grain size distribution of the surface material is incorporated into large
number of flow resistance equations (e.g., Bray, 1979; Bathurst, 1985, 2002; Hey,
1979; Jonker, 2001). Disadvantages of this approach have been reported and
alternative parameters to be used as roughness definitions proposed (Nikora et a
1998; Smart et al, 2002; Aberle and Smart, 2003). The standard deviation of bed
elevation s is one of the parameters that has been introduced as a new
characterization of the riverbed geometry (Aberle and Smart, 2003). Through
analysis of published experimental data sets of longitudinal bed profiles (Koll,
2002) it was shown that the use of the standard deviation s as a roughness
parameter instead of the single grain size (Dy) leads to an improvement in

prediction of flow resistance.

Volumetric hydraulic radius approach

As aready mentioned, the hydraulic radius is a parameter that becomes
ambiguous when the bed roughness is large relative to flow depth. The
conventional hydraulic radius is the ratio of cross-sectional flow area to wetted
perimeter, but esimation of the wetted perimeter for conditions where the
roughness elements intersect the water surface is practically impossible. The
volumetric hydraulic radius (R,) and standard deviation of bed surface elevation
(d,) have therefore been proposed to be used to describe bed roughness for large-
scale conditions (Smart et al, 2002). The volumetric hydraulic radius is defined as
the volume of overlying water per unit plan area of bed, a definition used before
by other researchers (Kellerhals, 1967; Bathurst et al, 1981). A practical
procedure for determination of the volumetric hydraulic radius (R, and the
standard deviation of bed surface elevation (d,) in the field is given in Smart
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(2001). A graphical representation of the volumetric hydraulic radius is shown in
Figure2-3.

It is suggested that the standard deviation of bed surface elevations is a rational
measure suitable for large relative roughness conditions. The results of the
investigation showed that head-losses for large-scale relative roughness could be
related to R,/d,. The exponent of R,/d,in power law resistance equations increases
from 1/6 to more than 1/2 as relative roughness increases.

{a} Warer lavel abave rouphness elemanis W
i ; =

Dznarth minimomr

Figure 2-3 Graphical representation of the volumetric hydraulic radius
(Smart et al, 2002)

From the above it is clear that the resistance of flow over rough beds with large
and intermediate scales is a complex subject. Prediction of flow resistance
reguires understanding of the resistance phenomenon. When roughness elements
are situated far apart, each acts as an individual body, creating different hydraulic
habitats for aquatic animals. Investigations related to flow around a single bed

roughness element is therefore discussed in the next section.

256 Vegetation and flow resistance

In-channel and riparian vegetation have significant effects on flow resistance.
Presence of vegetation reduces the flow area, increases roughness and generates
additional turbulence by oscillatory moment (Starosolszky, 1983). The influence
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of vegetation on flow resistance has been widely investigated (Dawson and
Charlton, 1988), and many recommendations have been proposed for prediction
of the effect of vegetation on flow resistance.

There are three situations pertaining to the occurrence of vegetation in rivers and
wetlands: flow through emergent vegetation, flow in channels with emergent
vegetation boundaries, and flow in channels with discrete vegetation patches.

Several methods have been proposed for estimation of the resistance within a fully
vegetated channel. By analysing the forces on vegetation under steady, uniform
flow conditions, Petryk and Bosmajian (1975) derived an expression for the total

Manning'sn as:

2

AaA L0
n=ny, 1+ SDAAEL 2 o4 2.50
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in which ny, is the Manning n value excluding the influence of vegetation, A is the
cross-sectional area of the flow, A is the projected vegetation area and L is the

length of channel under consideration.

In most cases where formulations of Manning’'s n include the drag coefficient
(Cp), a value of Cp of about 1.0 is recommended. Based on experimental
measurements, Li and Shen (1973) confirm a value of 1.2 for the cylinder
Reynolds number greater than about 8 x 10° within the regime before laminar
separation of the boundary layer occurs. Li and Shen (1973) used Petryk’s (1969)
linear superposition of velocity defect model to determine the variation of local
drag coefficient in two basic, parallel and staggered, cylinder distribution patterns.

Lindner (1982) extended Li and Shen’s (1973) work and proposed that the
effective drag coefficient for alarge group of cylindrical rods can be estimated as
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The first term in equation (2.51) accounts for the narrowing effect of
neighbouring cylinders and the second term accounts for the resistance due to
gravitational force. In this equation d; isthe cylinder diameter, &, isthe transverse
cylinder spacing, Cp is the value for a single cylinder in two-dimensional flow,
and V; isavelocity ratio given by

.- 0.374 .1.33
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V2 = 0.923?3 +0.616N 2 2.52
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where a is the longitudinal cylinder spacing, xy and zy are the wake length and
width respectively.

James et a (2001) proposed a simulation model to predict basic vegetation
resistance by accounting for the fundamental processes involved. The model is
based on force balance principles, and accounts for both bed roughness and
vegetation resistance. The force applied to the vegetation is described using the

well known drag force function with an effective drag coefficient.

Emergent vegetation is a common feature along river sides. Under such
conditions, the additional resistance afforded by the vegetation is through
momentum transfer across the interface between the vegetated zones, where basic
resistance is high and the velocity low, and the clear channel zone where the basic
resistance is relatively low and the velocity relatively high. Overall channel
conveyance may be therefore considered by dividing the channel laterally into
separate zones, and estimating the discharge for each individually.

Seven different longitudinal strip patterns of emergent vegetation were studied by

James et al, 2001. All of these patterns contained the same total number of stems,
with the same local density and the same overall areal coverage of 50% of the
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channel area - only the arrangement pattern was different. The relationships
between Manning’s n and flow depth for all the strip patterns showed that the
distribution of the strips has a significant effect on overall channel resistance. It
was found that for basic vegetation resistance, Manning’s n varies strongly with
flow depth, suggesting that it is inadvisable to use a single value of n for channels
with bank vegetation or instream strips of vegetation.

Some methods (Nuding, 1991 and 1994) for predicting the conveyance of
channels with strips have been proposed, suggesting that vegetated zone discharge
may be estimated by simply assuming the unaffected velocity throughout this
region, and neglecting the zonal interaction.

Naot et a (1996) carried out an investigation on the hydrodynamics of turbulent
flow in partly vegetated open channels. Three channel configurations were
studied, consisting of a rectangular open channel with a vegetated bank, a
vegetated corner and a vegetated floodplain. A phenomenological model was
proposed to predict complex hydrodynamic behaviour. Two sets of experiments
of three-dimensional turbulent flow in partly vegetated rectangular channels were
conducted for comparison. It was found that an increase in vegetation density
affects the streamwise velocity and the energy of turbulence until the
nondimensional vegetation density (N) equals 32, after which the vegetated
domain becomes practically impenetrable. The nondimensional vegetation density

(N) was specified as:

N =100nHD 2.53
where n . vegetation density (rods per unit area),

H : flow depth, and

D . averaged rod diameter.

For discrete vegetation patches there is also a significant form resistance
contribution to overall resistance which is probably best addressed using a
distributed drag force approach, similar to the treatment of individual stemsin the
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basic reed resistance models, but with the applied force balanced by the bed

resisting force and vegetation drag components at a larger scale.

James et a (2001) reported experimental work on overall flow resistance of
discrete patches. Fifteen different patterns were tested. For these patterns the
areal coverage wasn't constant as for the strip experiments, and ranged from
12.5% to 50% of the channel area. Flow resistance in term of the Manning’'s n
showed a general increase of n with areal coverage, but the wide spread in the
values of n suggested that other influences are important. It was concluded that
resistance is strongly influenced by the distribution pattern as well as the overall
areal coverage. A simple method for predicting conveyance for channels with this
kind of reedbed distribution has not yet been devel oped, and the issue is addressed
in Chapter 7 of thisthesis.

2.5.7 Flow patterns

Flow around a single bed roughness element

Flow around a single roughness element produces different flow patterns, thus
presenting a wide range of hydraulic habitats for aquatic animals. As was
discussed in sections 2.4.2 and 2.4.3, aquatic animals' habitats can be associated
with physical hydraulic parameters. A review of investigations of flow patterns
around a single element is presented here.

The patterns around a single bed element can be recognized as vortex systems,
wakes, and separation points on the bed in front of the roughness element, and on
the roughness element itself. Shamloo et a (2001) used a single hemisphere as a
roughness element, and dye plumes which were introduced upstream of the
hemisphere to study the formation of flow patterns. Four flow regimes around the
hemisphere based on the relative depth were classified:

Regime 1: When the relative depth is greater then 4, a bed element does not affect

the water surface, and the top layer of flow does not mix with the wake. The
vortex system around the bed element consists of a horseshoe and arch-vortices.
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Regime 2: If the relative depth isin the range of 1.3 to 4, the regime is similar to
regime 1, except that surface wakes are apparent.

Regime 3: For relative depths in the range of 1 to 1.3, the free shear layer from the
roughness of the body causes mixing through the whole depth of flow as well as
some backward flow at the water surface.

Regime 4: When the relative depth is less then 1, the top of the roughness element
is above the water surface and a Karman vortex street is present with a strong
backward flow behind the element.

The wake geometry, the velocity field and bed shear are different for these four
regimes. These show that a wide range of hydraulic flow regimes can exist
around a single bed element.

Flow around a single cylinder positioned in an open channel (Regime 4) has been
investigated and three-dimensional flow patterns have been identified (Graf and
Yulistiyanto, 1998). Due to the presence of the cylinder, the flow separation is
composed of a complex flow system, known as the horseshoe-vortex system
(Figure 2-4).

Figur e 2-4 Scheme of the hor seshoe-vortex system (Graf and Y ulistiyanto, 1998)
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An Acoustic Doppler Velocity Profiler was used to measure the complex vertical
velocity distributions around the cylinder. The flow patterns around the cylinder
can be described as follows:
In the plane of symmetry, the horseshoe-vortex system consists of a
vortex, driving a counter-current of negative vorticity,
The system becomes stronger and closer to the base of the cylinder with
increasing flow velocity,
The horseshoe-vortex system stretches while moving around the cylinder
in the streamwise direction. Downstream of the cylinder separation with
flow reversal isevident, and
The horseshoe-vortex system produces a high bed-shear stress beneath it.

Lloyd and Stansby (1997) investigated recirculating flow around a conical
obstacle with a gently sloping side. Four shapes of conical obstacles called
islands were tested for relative depths less than 1.0 (Regime 4). A “wake stability
parameter” (S) proposed by Ingram and Chu (1987) was used to classify the island
wakes into “vortex shedding” or “unsteady bubble” types. The stability parameter
(S) isameasure of the stabilizing effect of bed friction relative to the destabilizing
influence of transverse shear given by

c,D
S= 2.54
h
where ¢ . bottom friction coefficient,
D . cross-stream diameter for the body, and
h : water depth.

The experiments were designed in such way that different stability parameters
were examined. As the depth of the flow decreases, both the magnitude of the
bed-friction coefficient (c) and the effective diameter of the island (D) increase.
Experiments were performed for a range of the stability parameter (S) from 0.06
to 0.40, and blue dye was released upstream of the island to produce images of the
recirculating wake zone. The results of the experiments showed that for small
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values of the wake stability parameter (S <0.20) the island wakes were
characterized by a well-organized vortex shedding system. When the stability
parameter (S) increased, regular vortex shedding occurred, but moved further
downstream. With S=0.4, any form of well-organized vortex shedding ceased to
exist, and the wake appeared as an “unsteady bubble” flow, confirming that bed
friction can act to suppress the development of vortex shedding in the wake of
conical islands. During the experiments, the time taken for the dye-saturated
wake to clear was recorded as well. The results showed that with S = 0.40 the
time was approximately nine times longer than for S= 0.06.

Laboratory investigations of the transition from localized supercritical to sub-
critical flow around a single roughness element were carried out by Zgheib
(1994). In order to smulate the supercritical-to-subcritical flow transition around
a single roughness element, smooth and angular rocks of different sizes and
shapes were placed in a laboratory flume. During the investigation the following
hydraulic conditions were identified:

A deflect jet occurs at the upstream face of the roughness element,

resulting from the impact of the flow on the roughness element,

A spillway effect results from flow of water around the roughness element,

Intermixing of flow happens along the sides of the roughness element

where largest mean velocities appear,

Hydraulic jumps transform flow from supercritical to sub-critical, and

Tumbling flow is a condition of flow dominated by scattered regions of

alternate acceleration and deceleration through critical flow over large bed

elements.

Transitional tumbling flow of water around the single roughness element follows
one of three possible surface profiles as shown in Figures 2-5 to 2-7.
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Figure 2-5 Backward breaking jet (Zgheib, 1994)

Figure 2-6 Stationary non-breaking jet (Zgheib, 1994)

Figure 2-7 Forwar d shooting jet (Zgheib, 1994)

The conditions of occurrence of each profile depend on the roughness element
size and shape, and flow condition. A dimensionless parameter in the form of the
Froude number (Fr) is used to distinguish between the three surface profiles, i.e.

Fr=Q/(B- w)y 29’2 255
where B : flume width,
w - width of the roughness element,

Q . discharge,
y . upstream flow depth, and
g . acceleration of gravity.
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For Fr > 18, the forward shooting jet occurs (Figure 2-7), for 12 < Fr < 18, all
three surface profiles (Figures 2-5, 2-6 and 2-7) are possible, and for Fr < 12 the
backward breaking and the stationary non-breaking jets occur (Figure 2-5 and
Figure 2-6).

From the above it is clear that the flow pattern around a single roughness element
depends on roughness element size and shape, and the flow pattern changes with
flow condition. It is obvious that even a single bed roughness element can
provide a wide range of hydraulic habitats for aquatic animals. Used of various
flow patterns for an identification of the aguatic animals' habitat is essentially

descriptive and subjective.

The expression of flow patterns (Zgheib, 1994) in terms of a dimensionless
parameter in the form of the Froude number gives no indication of absolute values
of depth or velocity. As fish habitat can be defined by flow depth and flow
velocity, it is presumed that velocity-depth classification is more meaningful and

useful.

Flow around multiple elements

During low flow conditions in ariffle area different flow patterns, similar to those
discussed in the above section, could be created around each rock and boulder,
resulting in a wide range of flow depths and velocities. Under such conditions,
statistical descriptions of the velocity and depth frequency distributions are a
potentially useful approach for environmental flow assessment.

Multiple local controlled conditions. During low flow in a riffle area a wide
range of flow depths and velocities occur that are controlled by rocks and
boulders, creating local hydraulic features such as hydraulic jumps, local backups,
contractions and critical controls. Furthermore, these features occur over the
whole riffle area and change with discharge. Multiple local controlled conditions

are very complex, and are expressions of rapidly varied flow, as discussed below.
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Rapidly varied flow occurs as a sudden or local change of hydraulic conditions
(particularly flow depth and velocity) due to variations in channel geometry
(particularly bed elevation, channel width, and obstruction to flow) or a change in
the regime of the flow. Sudden changes in the channel topography cause flow
separations, create eddies and swirls of many forms, and the water surface profile
changes over a short distance (Chadwick et a, 2004). Flow over a region of
rapidly varied topography therefore includes local backups, transitions, critical
controls and hydraulic jumps (Figure 2-8).

Backup

Figure 2-8 Hydraulic controls resulting from multiple local controls of varying scale

Furthermore, the flow surface may become discontinuous if the flow depth
changes rapidly, creating hydraulic jumps. The following characteristics related
to rapidly varied flow should be noted (Chow, 1959):
The pressure distribution cannot be assumed to be hydrostatic,
The variation in flow regime takes place over arelatively short distance,
When rapidly varied flow occurs in a sudden-transition structure, the
physical characteristics of the flow are determined by the boundary
geometry of the structure as well as by the state of the flow,
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The energy (or Coriolis) velocity distribution coefficient o and the
momentum (or Boussinesq) velocity distribution coefficient p are usually
far greater than unity and cannot be accurately determined, and

The separation zones, eddies, and rollers tend to complicate the flow

pattern and to distort the velocity distribution in the stream.

Theory that assumes a parallel flow with hydrostatic pressure distribution, as used
for uniform flow and gradually varied flows, does not apply for rapidly spatially

varied flow, even with a continuous flow profile.

Some distinct cases of rapidly varied flow phenomena are
Channel Transitions,
Critical Controls, and

Hydraulic Jumps.

Under multiple local controlled conditions a combination of several isolated cases
of rapidly varied flow exists, which makes estimation of the velocity and depth
distributions more difficult. Lately, datistical numerical approaches have
therefore become an alternative solution to generalize the velocity and depth

distributions of a stream area under low flow conditions.

Statistical approach. Statistical descriptions of the velocity and depth frequency
distributions as functions of hydraulic parameters such as discharge, mean
roughness, mean width, and mean depth, are a potentially useful approach for
providing the necessary information for environmental flow assessment.

Based on a theoretical and statistical analysis, Dingman (1989) proposed a power

law for the cumulative distribution of point velocity in a regular and highly
irregular natural stream cross-section, given by:

F(v) =(V/V)° 2.56

where v - local flow velocity,

2-62



Chapter 2: Background

\ : maximum cross-sectional velocity, and
c . shape parameter equal to 1/b, and
b : slope of a plot of v versus V(v)on log-log scale.

Values of the shape parameter, ¢, were calculated from field data, and they range
from 0.356 to 0.942 for an extensive sample, and from 0.164 to 0.6118 and from
0.497 to 0.912 for intensive samples for pool and riffle cross sections respectively.
There is no clear procedure for estimation of the maximum cross-sectional
velocity (V) and the shape parameter (c).

Lamouroux et al (1995) developed a velocity prediction model with distribution
parameters that are related to descriptors of hydraulic variables in reaches. They
analyzed velocity data of 37 French stream reaches including pools and riffle
sites. Relative depth-averaged velocities were estimated from three vertical
measured points at 0.2, 0.4 and 0.8 of the depth above the bed. The measured
frequency-velocity distributions varied from centred to decentred distributions.

A probability density function was proposed as a combination of a Gaussian
distribution (centred), and Gaussian and exponential distributions, given by:

1 Pt /0
f(x-V 'S)=s/3.33¢ 018 +0,117e ¢ 17 * y+(L- s)go 653¢ fomsis i 2,57
t b e @
where s : shape parameter of the point velocity distribution,
% . point velocity,
\ . averaged reach velocity, and
X . relative point velocity, equal to v/V.

The shape parameter of the velocity distribution, s, was suggested to be a function
of Froude number (Fr) and relative roughness (D/H), as:

s=-0.275- 0.237In(Fr)+0.27(D/H) 2.58

where D : averaged dominant roughness, and
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H : averaged reach depth,

A similar approach was applied by Jonker et al (2001) to predict the distributions
of local flow velocities in cobble and boulder rivers of the Western Cape under
low flow conditions. The rivers are characterized by different types of
morphological units, and three dominant morphological units were recognized.
These units are pool, plane bed, and rapid/riffle. Based on observed frequency
distributions of relative velocity it was concluded that:

The Weibull distribution provides the best estimate of the frequency

distribution of the relative point velocities within pool morphological

units,

The Weibull and Extreme distributions both provide the best fit to the

observed data within the plane bed morphological units, and

Within rapid and riffle morphological units the Extreme distribution

displays the best fit to the observed data, followed by the Weibull

distribution.

For predicting the frequency distribution of relative velocity in cobble and boulder
reaches, the following hydraulic parameters were selected as possible explanatory
variables:

Froude number,

Velocity/depth ratio,

Reynolds number,

Relative submergence (y/dso or y/dgs), and

Width/depth ratio.

Through analyses of the velocity data it was found that within pool and
rapid/riffle morphological units the distribution of local sets of point velocities
could be related to the average velocity, flow depth, flow width and relative
roughness within a cross-section, and used to predict the frequency distribution of
point velocity in these morphological units. For plane bed morphological units,

no statistically significant relationships were found. The accuracy of the proposed
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predictions has not been checked, since the models have not been verified against
independent field data.

Lamouroux (1998) proposed depth probability models based on analyses of data
from different stream reaches in France and Germany. The reaches contained
several pool-riffle sequences. The depth probability distributions tended from
exponential to normal with increasing stage. The depth probability distribution
was expressed as.

@ex-1 92
f(xz%,t):te'x+0.951(1- t)e3°-593ﬂ 2.59
where t : shape parameter varying from O (normal distribution)

to 1 (exponential distribution),

X . relative depth, equal to h/H (his flow depth, and H is mean
reach depth).

Prediction of depth distribution by this model as a function of discharge requires
an estimation of the shape parameter at a given stage and the depth-discharge
relationship for the reach.

Stewardson and McMahon (2002) proposed a stochastic model of the joint depth
and velocity probability distribution in streams. The model is based on theoretical
considerations and samples of velocity and depth from a wide range of stream
types, and was proposed to quantify the joint probability distribution of depth and
velocity for general application in river studies. The model is based on the
assumption that if velocity increases with depth across a channel, and velocity
decreases with depth along a channel, then velocity and depth are not independent
variables. Then, depth and velocity are transformed to provide two independent
variables, one (y,) that varies across the channel but is invariant along the
channel, the other (yp,) that is invariant across the channel, but varies
longitudinally. It has been found that the probability distributions of v, and vy
can be represented by a normal and a truncated normal density functions,
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respectively. Four parameters related to channel geometry were proposed for

these density functions.

From the above it can be seen that:
The model of Lamouroux et al (1995) has been developed for pool-riffle
sequences and not homogeneous geomorphologic features, but appears to
be the most tested one, and
In general, all statistical models of the available velocity distribution in the
literature do not distinguish between the two possible flow conditions:
multiple local controlled and resistance controlled conditions.

2.6 Conclusion

The implementation of the NWA requires that an ecological Reserve be
determined for all significant resources. Hydraulic analysis is a crucial
component in the determination of the ecological Reserve in terms of both
quantity and quality, as well as in any river rehabilitation measures. It focuses on
the amount of water required to maintain the system in a particular ecological
condition. Habitats for different life history stages of aquatic animals are related
to hydraulic parameters such as flow velocity and flow depth, and therefore it is
required that the amount of water should be determined so as to provide such
parameters. This thesis contributes to the development of hydraulics under low
flow conditions and forms a critical link in the ecological Reserve determination

Process.

In ecological Reserve studies considerable attention is focussed on the low flow
component of the hydrological regime, and sites often characterized by large-scale
roughness. Hydraulics under low flow conditions has attracted much research
attention. A number of equations (logarithmic, power and semi-logarithmic) for
prediction of flow resistance have been developed for flow with large and
intermediate relative roughness conditions. Some of the equations have been
developed based on experimental or field data, while others have been proposed
as modifications of Manning’s, Darcy-Weisbach or Chézy equations. Data that
have been used for the development of equations are not clearly restricted to either
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the large or intermediate relative roughness conditions. This thesis presents the
development of a new equation for the prediction of overall flow resistance under
large-scale roughness, and a new approach for the estimation of intermediate-scale
roughness resistance that distinguishes between the influences of large and
intermediate scale roughness components.

Under low flows, rocks and boulders may control the local velocity and depth
distributions. Flow for such conditions is rapidly varied, and the occurrence of
particular local velocities and depths is caused by the boundary geometry rather
than by flow resistance phenomena. With increasing discharge, the multiple local
controls become submerged and the flow tends towards a resistance controlled
condition. Available information addressing the distinction between resistance
controlled and multiple local controlled conditions is limited. This thesis
contributes to understanding the transformation between multiple local controls
and the resistance controlled conditions by presenting prediction methods for
velocity distributions with large roughness elements.

Vegetation provides important river features that create physical habitats for
aquatic animals. On the other hand, in-channel and riparian vegetation has
significant effect on flow resistance and the influence of vegetation on overall
flow resistance has to be predicted. This thesis presents practical conveyance
prediction methods for three situations pertaining to the occurrence of vegetation

inrivers and wetlands.
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3 EXPERIMENTAL INVESTIGATION OF RESISTANCE
CONTROLLED CONDITIONS

31 Introduction

Large substrate material is a common feature of South African rivers. Under low
flow conditions rocks are relatively large and control the flow depth and velocity.
Individual roughness elements within a natural channel vary in number, size,
shape and distribution, and therefore create a wide range of physical habitats for
aquatic animals. The prediction of flow depth and velocity for a given discharge
is therefore an important part of environmental studies.

As has been discussed in Chapter 2, a number of logarithmic, power and semi-
logarithmic equations have been developed for the prediction of overall flow
resistance for large and intermediate relative roughnesses. These equations do not
distinguished between large-scale and intermediate-scale roughnesses. This
chapter presents the results of laboratory investigations undertaken to provide data
for the development of new resistance equations to distinguish between large-
scale and intermediate-scale roughnesses.

Laboratory experiments were conducted in the hydraulics laboratory of the School
of Civil and Environmental Engineering, University of the Witwatersrand.

An experimental programme was carried out in laboratory flumes under
controlled and idealized situations in order to establish the effects of roughness
elements on flow resistance under different hydraulic conditions determined by
bed slope and discharge, and to develop resistance prediction methods.
Experiments were carried out using different sizes and areal densities of
roughness elements. Roughness elements were simulated by hemispherical shells
constructed of concrete. Laboratory experiments were conducted in Flume B
(Series 1) and Flume C (Series 2). The results of the experimental work are
presented in this chapter.
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3.2 Flow Resistance

321 Flume B experiments

Under low flow conditions, resistance is determined by the largest or most
exposed rocks in the channel bed. Their effect is thought to be related to their
degree of submergence and preponderance in the substrate. The first set of
experiments was carried out to assess these effects, using single-sized roughness
elements at different areal densities and under intermediate and small-scale
conditions. The experiments were conducted in a 0.38m wide, 15.0m long, glass-
sided tilting laboratory flume under controlled and idealized conditions. A
tailgate fixed downstream of the flume was used to control the flow depth in the
channel to ensure uniform flow. Water was supplied to the flume through a
closed circulation system, and two valves situated in the supply pipe at the head of
the experimental flume were used to control the discharge. The discharge was
varied by opening/closing these control valves and measured using a V-notch,
which was installed at the downstream end of the flume, as well as an electronic
flow meter with sensors situated in the water pipe that discharges into the flume.

All experiments were carried out under uniform flow conditions. Experiments
were carried out for two size of hemispherical roughness elements, with diameters
D = 47mm (Series 1.1) and D = 72mm (Series 1.2); the corresponding roughness
heights, h, were therefore 23.5mm and 36mm. The roughness elements were
arranged in a staggered pattern with equal longitudinal and transverse spacings
(Figure 3-1).

Series 1.1 experiments were performed with one size of roughness elements (D =
47mm), two bed slopes and four densities, for a range of discharges (Q) and
corresponding flow depths (y) for each set-up (Table 3-1). The density, L, was
defined as the ratio of the plan area of the elements to the channel area. The
Darcy-Weisbach f values were calculated for each experiment using the side-wall
correction procedure of Vanoni and Brooks (1957), and the results are plotted in
Figure 3-2. The experimental conditions of Series 1.1 experiments are

summarized in Table 3-1.
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Figure 3-1 Arrangement of roughness elementsin Flume B (Test 1.1.5 shown)

Table 3-1 Experimental conditions of Series 1.1 experiments

Test Density, A (%) Sope y/h Discharge, Q (I/9)
111 82 0.0011 1.45-6.14 0.6-15.2
112 82 0.0021 1.29-4.72 04-15.2
113 47 0.0011 2.28-6.43 1.4-148
114 30 0.0011 1.85-6.85 0.9-15.9
1.15 22 0.0011 1.26-6.19 0.4-13.9
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Figure 3-2 Variation of friction factor f with flow depth for Series 1.1 experiments

Tests 1.1.1 and 1.1.2 were carried out with the same roughness element density
but different bed slopes, showing that the slope has influence, with resistance
being slightly lower for the steeper slope (Figure 3-2).

Tests 1.1.1, 1.1.3, 1.1.4 and 1.1.5 were conducted with the same bed slope but
different densities. The influence of density on flow resistance for five different
relative submergences is shown in Figure 3-3.

From the graph (Figure 3-3) it is clear that the density of the roughness elements
had a significant effect on overall flow resistance. It also can be seen by
comparing curve “y/h = 1" (for the relative submergence equal to 1) with curve
“y/h = 6” (for the relative submergence equal to 6) that the effect of density on
overall resistance decreases with increasing relative submergence. Furthermore,
the flow resistance increases with density, reaching its highest value at an areal
coverage of 30%, and then decreasing for higher densities. This effect is
consistent for all flow conditions, from large to small relative submergences.
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Figure 3-3 Influence of areal coverage on flow resistancein term of Darcy-Weisbach

f for different relative submergences

The field data of Bathurst (2002) suggest that the effective friction factor under
low-flow conditions depends on channel slope. From the Series 1.1 experiments
it was found that bed slope has influence on flow resistance. The Series 1.2
experiments were therefore performed to investigate the influence of bed slope on
flow resistance under controlled conditions.

The Series 1.2 experiments were carried out with one size of roughness element
(D =72mm), 5 bed slopes and one density (27%). Two (low and high) discharges
for each slope were tested. The experimental conditions are listed in Table 3-2.
As before, the flow resistance in terms of Darcy-Weisbach f was calculated using
the side-wall correction procedure of Vanoni and Brooks (1957), and the results

are plotted in Figure 3-4.
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Table 3-2 Experimental conditions for Series 1.2 experiments

Test Sope y/h Discharge, Q (I/9)
121 0.00443 1.01 and 3.95 0.88 and 22.00
122 0.00329 0.95 and 3.96 0.63 and 18.00
123 0.00215 1.03 and 4.53 0.57 and 17.00
124 0.00101 1.01 and 5.42 0.29 and 13.00
125 0.00089 1.07 and 7.93 0.30 and 22.00
1.8
n

151

124

——5=0.00443
—-S5=0.00329
~m —-S5=0.00215

$=0.00101
——5=0.00089

0.9
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Figure 3-4 Influence of bed slopes on overall flow resistance

The results suggest that channel slope does have an influence on resistance; the f
values are higher for milder than for steeper sopes.

The Series 1 experimental data are listed in Appendix A, Table A-1.

3.2.2 Flume C experiments

The largest rocks in ariver bed are distributed randomly in space. Therefore this
series of experiments was designed to examine the effects on overall resistance of
the size of rocks and their distribution pattern, in particular the effect of
longitudinal disruption of the flow and the effect of smaller rocks interspersed
amongst the largest ones. Experiments were carried out in a 2.00m wide, 12.0m
long laboratory flume (Figure 3-5). Two Series (2.1 and 2.2) of experiments were
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conducted to investigate these effects on flow resistance under controlled and
idealized large and intermediate scale roughness conditions. Roughness elements
were again simulated by hemispheres with constant shape.

Figure 3-5 Flume C with a stagger ed pattern of hemispher es

Series 2.1 experiments

The first series of experiments was carried out to investigate the influence of
roughness element size and pattern on overall flow resistance. Eight different
arrangements of roughness elements were tested, shown diagrammatically in
Figure 3-6 and described below; photographs of all patterns are included in
Appendix B.
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Figur e 3-6 Roughness element arrangements for Series 2.1 experiments (flow is left
toright)

Pattern 1: (Large hemispheres, LH, only) The hemispheres, D = 116mm, were
arranged in a staggered grid pattern with equal longitudinal and transverse spacing
of 285mm (Appendix B, Figure B-1).

Pattern 2: (Large, LH, and small, SH, hemispheres) The large hemispheres had the
same arrangement as in Pattern 1, and small hemispheres (D = 54mm) were
placed between and in line with large hemispheres (Appendix B, Figure B-2).
The small hemispheres were arranged in a staggered pattern as well with the same
spacing of 285mm as the large ones.

Pattern 3: (Large, LH, and small, SH, hemispheres) The large hemispheres were
placed as in Pattern 1 while the small ones were positioned longitudinally in line
with, but transversely staggered with respect to the large hemispheres (Appendix
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B, Figure B-3). Each size individually was arranged in a staggered pattern with
spacing of 285mm.

Pattern 4: (Large, LH, and small, SH, hemispheres) The large hemispheres were
arranged in a parallel grid pattern with equal longitudinal and transverse spacing
of 285mm. The small hemispheres were arranged in the same pattern as the large
ones, but longitudinally and transversely between them (Appendix B, Figure B-4).
Pattern 5: (Large, LH, and small, SH, hemispheres) The hemispheres were
arranged in a parallel grid pattern. The large hemispheres were arranged in a
parallel pattern of 285mm spacing. A longitudinal row of small hemispheres was
placed between each longitudinal row of large hemispheres (Appendix B, Figure
B-5).

Pattern 6: (Large hemispheres, LH, only) The hemispheres were arranged in a
parallel grid pattern with equal longitudinal and transverse spacing of 285mm
(Appendix B, Figure B-6).

Pattern 7: (Small hemispheres, SH, only) The hemispheres were arranged in a
parallel grid pattern with equal longitudinal and transverse spacing of 285mm
(Appendix B, Figure B-7).

Pattern 8: (Small hemispheres, SH, only) The hemispheres were arranged in
staggered grid pattern with equal longitudinal and transverse spacing of 285mm
(Appendix B, Figure B-8).

Experiments were performed for both emergent and submerged conditions. Only
one slope of 0.001 and two sizes of hemispheres, D = 116mm (LH) and D =
54mm (SH) were tested. A summary of experiments is listed in Table 3-3, and
measured data are presented in Appendix B, Table B-1.

Stage-discharge relationships for all 8 patterns, together with that corresponding
to the basic resistance of the empty flume, are plotted in Figure 3-7. The effects
of roughness element arrangements in terms of the Darcy-Weisbach friction factor
f and the relative submergence for all 8 patterns are shown in Figure 3-8. It
should be noted that the relative submergences for Patterns 2, 3, 4 and 5, where
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two sizes of hemisphere comprised the bed arrangements, was calculated using
the height of the large hemispheres.

Table 3-3 Experimental conditions of Series 2.1 experiments

Pattern Roughness Discharge, Q Measured flow depth, y Covered area

shape (I/s) (mm) (%)
1 LH 27-17.4 25-74 15
2 LH and SH 12-125 20—-69 18
3 LHand SH 29-214 28-80 17
4 LH and SH 20-25.7 20-85 17
5 LH and SH 1.8-247 20-82 18
6 LH 3.2-273 25-85 15
7 SH 7.0-28.3 29-55 3
8 SH 5.3-28.3 25 - 56 3

LH — Large Hemispheres
SH — Small Hemispheres
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n m =
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2 ]
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nf
0.02 1 WM
0.00 T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Discharge (m%s)

Figure 3-7 Stage-dischar ge relationship for Series 2.1 experiments
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Figure 3-8 Flow resistance in term of Darcy-Weisbach f for Series 2.1 experiments

The influence of covered area on flow resistance in terms of the stage-discharge
relationship can be seen in Figure 3-7. It is obvious that covered area has an
overall effect on flow resistance. Flow resistance for Patterns 1, 2, 3, 4, 5and 6
for covered areas of 15 to 18% resistance is much higher than for the covered

areas of 3% for Patterns 7 and 8.

Patterns 1 and 8 were arranged in a staggered grid. The large hemispheres were
used in Pattern 1 and the small in Pattern 8. Patterns 6 and 7 were arranged in a
parallel grid with the large and small hemispheres respectively. The effect of the
roughness element pattern on overall flow resistance in terms of the Darcy-
Weisbach f against the relative submergences is shown in Figure 3-9. By
comparing the graphs of Patterns 1 and 6 it can be seen that the arrangement of
the roughness elements has a significant influence on overall resistance for
relative submergences less then 1.0 (i.e. under large-scale roughness condition)
but with increasing relative submergence (Pattern 7 and 8) the effect of pattern is

insignificant.
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In Patterns 2, 3, 4 and 5 the small hemispheres were arranged within staggered
and parallel grids of the large hemispheres; their influence on overall resistance is
shown in Figure 3-10.
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Figur e 3-9 Effects of roughness element pattern and size on overall flow resistance,

Series 2.1 experiments
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From the graph (Figure 3-10) it is clear that the roughness element arrangement in
Pattern 2 has the highest influence on flow resistance under the large-scale
roughness condition, for relative submergence less then 1.0, while for the same
flow condition, results of Patterns 3, 4 and 5 arrangements are similar. For the
intermediate-scale roughness flow condition with the relative submergence higher
than 1.0, the effects of all the small hemisphere patterns within the large
hemispheres are similar.

Series 2.2 experiments

Experiments were conducted with one slope of 0.0005 and three sizes of
hemispheres named H1, H2 and H3 with diameters of D1 = 108mm, D2 = 72mm
and D3 = 46mm respectively. A summary of the experimental conditions for the
Series 2.2 experiments is listed in Table 3-4. Measured data from each
experiment are included in Appendix C, Table C-1. Photographs of Patterns 1 to
17 are provided in Appendix C in Figures C-1 to C-17. The geometrical
arrangements are similar to those used in Series 2.1 and shown in Figure 3-6:
Patterns 1 to 7 are as for Series 2.1 Pattern 1, Patterns 8 to 14 as for Series 2.1
Pattern 3, and Patterns 15 to 17 asfor series 2.1 Pattern 6.

Stage-discharge relationships for the 17 patterns, together with the basic
resistance of the empty flume are plotted in Figure 3-11. Measured flow
resistances for the 17 patterns in terms of the Darcy-Weisbach f values as a
function of the relative submergence are plotted in Figure 3-12. Plotted results
(Figure 3-12) show that the maximum flow resistance occurs when the relative
submergence is around 1.0, and the friction factors have similar distributions to
those obtained by others who used available published field and laboratory data,
and plotted the results of frictional resistance as a function of the relative
submergence (Figure 2-1). It also was found that the maximum flow resistance
occurs with the relative submergence of 1.0. Regarding the variation in the
calculated frictional resistance f, it can be seen that the results of Lawrence (1997)
(Figure 2-1) show greater variation than the results of the Series 2.2 experiments
(Figure 3-12).

3-13



Chapter 3:

Experimental investigation of resistance controlled conditions

Table 3-4 Experimental conditions for Series 2.2 experiments

Paliltgrn Spaclmg Spaczmg Spﬁ%ng Pattern grid | Discharge, Q Measured 3 ow depth, Tg\?laigegl
(mm) (mm) (mm) (I/s) (mm) (%)
1 125/125 Staggered 0.6-55.7 32-189 54.64
2 200/200 Staggered 1.1-54.7 24-164 21.97
3 300/300 Staggered 2.0-55.2 23-129 12.02
4 400/400 Staggered 2.7-55.2 23-121 6.24
5 400/400 Staggered 3.2-55.2 23-107 2.89
6 200/200 Staggered 2.8-60.0 34-130 9.82
7 125/125 Staggered 4.1-55.2 50-149 23.98
8 200/200 | 200/200 Staggered 0.7-54.7 20-164 31.79
9 200/200 200/200 | Staggered 0.8-43.4 20-145 26.13
10 300/300 | 300/300 Staggered 1.4-55.2 24-137 16.06
11 300/300 300/300 | Staggered 2.0-55.2 26-131 13.73
12 400/400 | 400/400 Staggered 3.7-55.2 31-129 8.10
13 400/400 | 400/400 Staggered 2.5-52.2 27-131 8.10
14 200/200 | Staggered 3.6-55.7 36-136 4.16
15 110/110 Paralldl 0.4-25.0 43-123 74.91
16 110/125 Paralldl 0.6-21.4 40-117 62.89
17 125/167 Paralldl 0.6-7.8 31-82 41.62

Spacing of hemispheresindicated inthetableis given aslongitudinal/latera centre to centre distances

Flow depth (m)

0.01

0.02

Discharge (m3/s)

0.05

0.06

Patt_17

Figure 3-11 Stage-discharge relationship for Series 2.2 experiments
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submergence for the all patterns of Series 2.2 experiments

Experiments with Patterns 1, 2, 3, 4, 15, 16 and 17 were carried out with
hemispheres H1 only. The results of the experiments can be used to analyse the
influence of roughness element density on overall flow resistance. Measured flow
resistance, in terms of the Darcy-Weisbach f values, is plotted in Figure 3-13. Itis
clear that roughness element density affects flow resistance significantly. The
effect is much greater under large-scale roughness conditions (relative
submergence less than 1.0) than under intermediate-scale roughness conditions
(relative submergence greater than 1.0). It can also be seen that flow resistance
increases with flow depth under large-scale roughness, reaching the highest
resistance when the roughness elements are just submerged, before decreasing
through the intermediate-scale roughness zone.

The influence of the roughness element density decreases with increasing flow
depth in the intermediate-scale roughness zone. The dependence of flow
resistance on the areal coverage of roughness elements at the condition of
maximum resistance is shown in Figure 3-14, where f is plotted against areal

coverage for relative submergences equal to 1.0. This shows that resistance
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increases with areal coverage, reaching a maximum value at an areal coverage of
about 40%, and then reduces. The variation in Figure 3-14 is consistent with the
results of the Flume B experiments presented in Figure 3-3 shows that density is
much more important than pattern.
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Figure 3-13 Flow resistance in term of Darcy-Weisbach f against relative

submer gence for patternswith hemispheresH1 only

Experiments with Patterns 8, 9, 10, 11, 12 and 13 were performed to investigate
the influence of smaller roughness elements (H2 and H3) within the patterns of
the large (H1) hemispheres on overall resistance. Patterns 8, 10, 12 and 13 were
carried out with hemispheres H1 and H 2 placed in equal longitudinal and lateral
gpacings of 200mm, 300mm and 400mm (Table 3-4), while Patterns 9 and 11
consisted of hemispheres H1 and H3, arranged with spacings of 200 and 300mm
respectively. Patterns 12 and 13 were performed with the same hemispheres and
gpacing but with a different pattern for the H2 hemispheres. The results of these
experiments are presented in Figure 3-15. It isevident that Patterns 8 and 9, with
gpacing of 200mm, produced the highest resistance, consistent with the previous
observation of increasing resistance with density in the large-scale roughness
zone. It can also be seen that the difference in resistance between Patterns 8 and 9
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is not significant, suggesting that the size of interspersed smaller hemispheres has

little influence on overall flow resistance.

WPat_ 1 H1
EPat 2 H1
WPat 3 H1
Patt 4 H1
mPatt_15 H 1
Patt_16_H 1
WPpatt_17_H1
Patt 5 H 2
mPatt 6 H2
n Patt 7 H2

Friction factor f

0 10 20 30 40 50 60 70 80
Areal coverage (%)

Figur e 3-14 I nfluence of areal cover age on flow resistance in term of Darcy-
Weisbach f

Patterns 8 and 9 were arranged with hemispheres H1 and H2, and H1 and H3,
respectively. The hemispheres H1 were positioned with spacing of 200mm; the
smaller hemispheres were placed within the larger ones with the same spacing.
Patterns 2, 6 and 14 were arranged with one size of hemispheres only with
gpacing’s of 200mm. The results of the experiments carried out for these patterns
(Figure 3-16) show the influence of different hemisphere arrangements on overall
flow resistance. The similarity of the results for Pattern 2 (hemispheres H1 only)
with those for patterns 8 and 9 (with interspersed H2 and H3) suggests that
resistance is caused primarily by the largest clasts in a cobble or boulder river bed.
The relationship between the results for Patterns 2, 6 and 14 confirms the

influence of areal coverage in the large-scale roughness zone.
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3.2.3 Conclusions

This experimental investigation has shown that the density of large roughness
elements on the bed of a channel has a significant influence on the overall flow
resistance of the channel. The resistance due to the roughness elements increases
with increasing density, reaching a maximum for an areal coverage in the range of
30% - 40%. Thereafter, overall resistance decreases with increasing density. This

general variation occurs for all scales of relative roughness.

Experiments with different bed slopes indicate higher overall flow resistance for

milder slopes than for steeper ones.

Experiments with different sizes of hemispheres suggest that resistance is caused
primarily by the largest clasts in a cobble or boulder river bed.

Experiments with staggered and parallel arrangement patterns of large roughness
elements indicate that the existence of continuous longitudinal flow paths
decreases flow resistance significantly for y/h < 1. When the relative
submergence is higher than 1, the arrangement of large roughness elements does

not have an influence on flow.

Experiments performed for large- and intermediate-scale roughness conditions
confirmed that the resistance phenomena under these conditions are different, and
different methods are therefore required for this prediction. Flow resistance is a
maximum for a relative roughness around 1.0; it decreases rapidly for deeper
flows and gradually for shallower flows. The effects of roughness element size,
density, pattern, and interspersed smaller elements are all much more pronounced
for large-scale roughness conditions than for small-scale and intermediate scale

conditions.
33 Velocity Distribution

Flow velocity is a physical parameter that is useful for the description of aquatic
animals' habitats. The average velocity (ratio of discharge to cross-sectional flow
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area) is not a sufficient habitat descriptor for use in environmental studies, and
prediction of local velocity distribution is usually required. The velocity
distribution changes with flow conditions, making its prediction difficult.
Laboratory tests were conducted to investigate how velocity distributions change
with discharge, and to provide a data base for testing the recommended prediction
method (Chapter 6).

Point velocity measurements were taken around one hemisphere within Pattern 6
of the Series 2.2 described above (Appendix C, Figure C-6) for discharges of Q =
21l/s and Q = 3l/s. A two-dimensional Nortek Doppler Velocimeter (NDV) was
used to determine the velocity profile around a hemisphere. It was assumed that
the velocity profile is symmetrical about the longitudinal axis of the hemisphere,
and therefore velocities were measured only on one side. A grid of 20cm by
20cm around the hemisphere was defined (Figure 3-17) and velocities were
measured in each block, numbered as indicated.

331 Velocity measurement for Q = 3.01/s

A uniform flow depth of 36mm was measured for adischarge of 3.0l/s. A plan of
the velocity measurement grid is shown in Figure 3-17. The hemispheres were
just submerged, and only one point velocity was measured along the vertical at
each grid block at 0.5 of the flow depth. Measured velocities are listed in Table
D-1, Appendix D. An average velocity of 0.044m/s for a discharge of 3l/s was
calculated as the ratio of flow to cross-sectional flow area. The measured
velocities were grouped into 2cm/s velocity classes. The velocity distribution in
histogram format to display the frequency of occurrence of each value in the data
set is plotted in Figure 3-18.
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The histogram is unimodal (has one mode) and skewed to the left. The modeisin
the class of 4 to 6cm/s. The lowest and the highest measured velocities for the
given discharge are in the 0 to 2cnv/s and 6 to 8cn/s velocity ranges respectively.

The average velocity of 4.4cm/s fell into the class of velocity that represents the
highest (64.3) percent of measured values. The other measurements are
distributed across three other classes, but with less frequent occurrences.

3.3.2 Velocity measurement for Q =21 1/s

The uniform flow depths and the relative submergences for the test with a
discharge of 21l/s were 83mm and 2.31 respectively. Velocities were measured at
the plan centre of each of the grid block. Seven vertical velocities were measured
in each block at 1 cm intervals. The measured point and depth-averaged
velocities at the 5 longitudinal sections (Figure 3-17) are listed in Tables D-2 to
D-6 (Appendix D). Vertical velocity distributions are plotted in Figures 3-19 to 3-
23.
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Figure 3-23 Vertical velocity distributions at longitudinal section 5

A depth-averaged velocity for each grid position considered was calculated, and
the velocity distribution histogram with the same (as for discharge of 3l/s)
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velocity classes of 2cmi/s is plotted in Figure 3-24. The histogram is unimodal
and skewed to the left. The modeisinthe 12 to 14cnvsclass. The lowest and the
highest measured velocities are in the 4 to 6cnm/s and 14 tol6cmy/s velocity class

respectively. Depth-averaged velocities lower than 4 cm/s were not calculated for
this discharge.

Frequency (%)
8

20 4

10 A

o ‘ B e
46 6-8

0-2 2-4 8-10 10-12 12-14 14-16

Velocity classes (cm/s)

Figure 3-24 Depth-aver aged velocity distribution histogram for velocity classes of
2cm/s for Q=21l/s

An average velocity of 0.13m/s for Pattern 6, Series 2.2 experiments was
calculated as the ratio of flow to cross-sectional area. From the velocity
distribution histogram (Figure 3-24) it can be seen that the average velocity falls
within the same velocity class (12-14cm/s) as the mode.

The effect of resolution of hydraulic measurements was assessed by comparing
velocity frequency distributions of measured point velocities with frequency
distributions of depth-averaged velocity (that were calculated from the same
measurements). Graphs of histograms for depth-averaged and point velocity are
presented in Figure 3-25. The histograms are different in terms of shape and the

3-25



Chapter 3: Experimental investigation of resistance controlled conditions

velocity range. As expected, the average velocity (0.13mv/s) falls within the same
velocity class as the mode for the depth-averaged velocity. However, most point
velocities (58% measurements) are greater than 14cm/s. Thus different estimates
of the predominant velocity occurring are produced. Point velocity is also spread
over awider range of velocity classes than depth-averaged velocity, including low
velocities that were measured on the top of the hemisphere, and also including
higher velocities (16-18cnV/s) that the depth-averaged distribution. Use of too
coarse a resolution may tend to under-estimate habitat diversity. Each resolution
of measurement produces a distribution of velocity applicable only at this

resolution.

60

50 A

N
o
L

O depth-average
B point velocity

Frequence (%)
w
o

N
o
L

0-2 2-4 4-6 68 810 10-12 12-14 14-16 16-18 1820 20-22
Velocity classes (cm/s)

Figur e 3-25 Depth-aver aged and point velocity frequency distributions for Q=21l/s

333 Velocity distributionsfor discharges of 3.0 and 21.0l/s

The effect of discharge was assessed by comparing velocity frequency
distributions of measured velocities for Q=3.0l/s with the depth-averaged
velocities for 21.0l/s. Graphs of histograms for Q=3.0l/s and 21.0l/s are plotted
together in Figure 3-26. Both tests were performed under resistance controlled

conditions. The histograms are unimodal and skewed to the left. As expected, the
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average velocity is lower for the smaller discharge, and the range of local
velocities iswider for the higher discharge.
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Figure 3-26 Velocity distribution histograms with 0.02 m/s velocity classes for
Q=21.0l/sand 3.0l/s

3.34 Conclusions

Velocities measured around one hemisphere under resistance controlled condition
for two different discharges show:

The shapes of the histograms are similar for both discharges.
The average velocity is lower for the smaller discharge.
The higher discharge provides the wider range of local velocity.

The coarser resolution tends to underestimate the velocity frequency
distribution.
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4 PREDICTION METHODS FOR RESISTANCE CONTROLLED
CONDITIONS

4.1 Introduction

The resistance to flow in open channels has attracted the attention of researchers
for many years. Prediction of open channel flow resistance requires
understanding of the influence of the underlying physical effects. Morris (1954)
proposed a concept based on an assumption that the loss of energy over rough
surfaces is related to the formation of wakes behind each roughness element. The
main source of energy loss over a rough surface is the generation, spreading and
dissipation of vortices from the wake and separation zones around every
roughness element that influences the turbulence structure and energy dissipation
phenomena. He presented a concept of flow over rough channel surface that is
based on the effect of the longitudinal spacing of surface roughness elements.
Three types of flow were recognised:

If the roughness elements are far apart, each acts as an isolated body, and
the wake zone and vortex-generating zone are completely developed and
dissipated before the next element is reached. The resulting resistance
arises from the form drag of the individual roughness elements, together
with the frictional resistance of the surface between the elements. This
type of flow is designated as isolated-roughness flow. Under such a
condition the friction factor results from the form drag of the roughness
elements that depends on the height of the projection of each element, and
from the friction drag of the wall surface between elements. The ratio of
the longitudinal spacing of the roughness elements to their height is
therefore recognised as a significant correlating parameter for the isolated

roughness flow condition,
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When the roughness elements are in close proximity, the zone of
separation and vortex generation of each element is not completely
developed before the next element is encountered. This type of flow is
called wake-interference flow. For this condition the frictional resistance
of the surface between the roughness elements is negligible, and flow
structure is characterised by complex vorticity and turbulent mixing. For
this flow type the roughness height is less important in determining
resistance, while the longitudinal spacing is the parameter that has the
major influence, and

If the spacing between roughness elements is very small, there will be
regions of dead water containing stable vortices between the elements.

Thistype of flow isreferred to as quasi-smooth or skimming flow.

Regarding open channel flow resistance, Rouse (1965) wrote: “Yet a glance at
publications on the subject during the past decade or so will reveal many a
significant anomaly. Momentum and energy analyses are at the same time over-
simplified and confused with one other. Representation of parameters by symbols
is mistaken for empirical formulation of functions. Flow formulas are sometimes
said to involve the Froude number when they do not, and yet the Froude number
is as frequently ignored when it is actually essential. Boundary texture and cross-
sectional non-uniformity are often discussed without distinction”. Forty years
later, have we improved our basic understanding of flow resistance? Can we
predict flow resistance correctly for different roughness scales?

Three roughness scale types (small, large and intermediate) have been recognised,
based on the degree of submergence of the roughness elements. The review in
Chapter 2 presented a number of resistance prediction equations for large-scale
roughness conditions that have been developed. Most of these, however, are
based on modifications of well known resistance equations that were developed

for deep flow and their applicability to shallow flows is uncertain.
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This chapter includes a short discussion related to small-scale roughness
resistance prediction, and presents different types of equations for predicting flow
resistance under large- and intermediate-scal e roughness conditions.

4.2 Small-Scale Roughness

Under small-scale roughness conditions, the roughness elements are very small
compared to the flow depth, and do not significantly alter the one dimensional
character of the flow field. The Darcy-Weisbach (equation (2.4)), Chézy
(equation (2.5)) and Manning’s (equation (2.6)) equations are mostly used for this
type of flow.

Various refinements have been made to friction factor estimation. The ASCE
Task Force on Friction Factors in Open channels (1963) reviewed the information
available at the time, and recommended using the Darcy-Weisbach friction factor,
f, for esimation of flow resistance. The following equations for estimating f for
hydraulically rough (equation (4.1)), smooth (equation (4.2)) and transitional
(equation (4.3)) flows were recommended:

1 igPRE 41
r %
® JfOo
2 - clogcRe£7 4.2
f g by
5
1 ¢ 4.3

b ¢
— =-logt—=+——~
V%R ReT

inwhich R . hydraulic radius
Ks : roughness size
Re : Reynolds number

a, b, ¢ : empirical coefficients
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According to the Task Force, the recommended values of the coefficients a, b and

c derived from various data sets are 12, 2.51 and 2 respectively.

In line with the Task Force recommendations, the Darcy-Weisbach friction factor,
f, isused for all analyses in this study. Values of the Chézy C and Manning n can
easily be obtained from f through the equivalence implied by equations (2.4), (2.5)
and (2.6).

4.3 L arge-Scale Roughness

4.3.1 Background

Flow resistance under large-scale roughness conditions has been investigated
previously, and a number of important findings have been reported. It has been
shown that a flow resistance equation for large-scale roughness must include a
parameter representing the proportion of the coarser elements in the bed surface
layer (Bathurst, 1978; Hey, 1979; O'Laughlin and MacDonald, 1964). In
describing a gravel-bed surface, it has been shown that the bed arrangement
should be characterized by the size ratio between the bed layer and the coarse
particles, and the concentration of boulders (Baiamonte and Ferro, 1997; Ferro,
1999).

Flow resistance due to large-scale roughness is related to the form drag of the
roughness elements and their disposition in ariverbed. In developing an equation
for estimation of the resistance coefficient, it is therefore necessary to account for
the processes that determine the drag of individual elements, and the roughness
geometry. The form drag of an object varies according to whether the boundary
layer on the object is laminar, turbulent, or transitional between these states,
which are represented by the Reynolds number. The form drag is also influenced
by deformation of the water surface by the object, which depends on the Froude
number. The Froude number and Reynolds number are therefore variables that
can be related to the drag of the roughness elements (Bathurst et al, 1981).
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Flammer et al. (1970) performed laboratory experiments to determine the
variables that affect the drag on a hemisphere for various flow conditions, from
the relatively simple case of a semi-infinite flow to the more general case of a
finite-flow with free surface effects. The semi-infinite flow field refers to
conditions where both relative depth and relative width have no effect on the flow,
while flow is considered to be finite where it is affected by the relative depth and
the relative width.

By dimensional analysis the following dimensionless parameters were obtained:

C, = f(Re; Fr;P;%;z—t:() 4.4
where Re : Reynolds number in terms of hemisphere diameter,

Fr : Froude number,

P : velocity profile parameter,

k : hemisphere radius,

y : flow depth,

b : channel width,

y/lk  :relative submergence, and

b/2k : relative width.

From experiments related to the large-scale roughness within a flow regime
characterized by ‘pronounced free surface effects, the following findings were
reported:

Viscous forces are insignificant compared with gravity forces,

The wave drag caused by the free surface increases the drag coefficient,

and

The maximum wave drag occurs a a Froude number of about 0.5.

The geometry and disposition of the roughness elements have a significant
influence on flow resistance, and the determination and incorporation of these
influences into flow resistance prediction is essential. Different approaches to

account for roughness geometry were discussed in Chapter 2.
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Flow resistance of large-scale roughness has been investigated previously, and a
general form of velocity equation under such conditions was proposed (James et
al, 2001; Jordanovaet al, 2004):

where F : resistance coefficient and
S . energy gradient.

The following equation for flow resistance coefficient F was proposed in terms of
dimensionless parameters (Jordanova et al, 2004):

4.6

The first parameter represents the roughness element concentration, and is
expressed as the ratio of the volume of roughness elements within the flow
element considered, Wi, to the volume of the considered element, W,

The second parameter represents the roughness element shape, and is
given as the ratio of the projected cross-sectional area of the individual
roughness element, A, to its base bed area, A,, and

The third parameter represents the roughness element spacing, as the ratio
of the wetted surface area of the roughness elements, WS, within the flow
element considered, to the considered plan area of the bed, A..

Estimation of the flow resistance coefficient F in terms of dimensionless
parameters (equation (4.6)) requires alot of input data. It was therefore suggested
that further investigation was required to express the flow resistance coefficient in

asimpler form (Jordanova et al., 2004).
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Laboratory experiments (Chapter 3) related to the large-scale roughness condition
only were further analysed, and a prediction method for flow resistance is
proposed.

4.3.2 Prediction approach
Flow resistance under large-scale roughness condition is related to the drag force
on the roughness elements, given by

—2
Fy =%Cdrv A, 4.7

where Fy . drag force,
Cyq . drag coefficient,

p . water density,
\ . average velocity, and
A . projected area of elements.

Under steady uniform flow conditions, this resisting force is balanced by the
weight component of the water. For unit plan area, this component of the weight
of water in the downstream direction is given by:

W=gS{1" 1" y- NV, ) 4.8
inwhich g : unit weight of water,
y : flow depth,

S . energy gradient,

N : number of roughness elements per unit area, and

Via @ submerged volume of an individual roughness element.

The component in brackets is the volume of overlying water per unit plan area of
bed and is known as the volumetric hydraulic radius, Ry. Equating equations (4.7)
for unit plan area and (4.8), with (1xX1x y— N V, ) = Ry gives
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1
= - 4,
Vv /CD NA, JR, 1/20S 9

It has been recognized that the drag coefficient, Cp, depends on a number of
variables such as the Reynolds number and the Froude number (Flammer et al.,
1970), and its estimation is therefore not easy or even possible (Lawrence, 2000;
Smart et al., 2002) using a drag type prediction model. Furthermore, the projected
area of the roughness elements (NA,,) changes with flow depth and its estimation
is complicated. A new, more general expression for resistance under large-scale
flow is therefore adopted, as given by

V:%\/ﬁ [2gS 4.10

where F is the resistance coefficient for large-scale roughness.

Equation (4.10) is superficially similar to the Darcy-Weisbach equation.
However, in this case the inclusion of the volumetric hydraulic radius R, arises
from the driving force that is opposed by form drag (equation (4.8)) while the
hydraulic radius in the Darcy-Weisbach equation arises from the resisting shear

force at the boundary.

Experimental data were used to develop an approach for estimating the resistance
coefficient F directly. As the flow resistance of large-scale roughness is mainly
due to the form drag, it can be accounted for in terms of the Reynolds number and
the Froude number (Section 4.3.1, equation (4.4)). Furthermore, from the
laboratory investigation the influence of the roughness elements density on
overall flow resistance is apparent in all the different tests. The following
important variables were therefore selected as determinants of F:

Froude number,

Roughness elements Reynolds number, and

Areal coverage of resisting elements.
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The resistance coefficient F is proposed to be expressed in terms of dimensionless
parameters as

F=a Fr°Re/¢ 411
where the symbol A represents the areal coverage calculated as proportion of the
bed area covered by the roughness elements.

The experimental data presented in Chapter 3 that satisfy the large-scale
roughness criterion (y/h < 1) were divided into two sets; one set (listed in Table
4.1) isused in a multiple regression analysis to fit coefficients a, b, c and d for the
resistance coefficient, F, and the other set (listed in Table 4.2) is reserved for its

verification.

The roughness element Reynolds number was calculated for each run as

Re=—— 412
u

where D : roughness element diameter
v : kinematic viscosity of water

The effective flow velocity, Ve, is obtained as the ratio of the volumetric flow

rateto the area available for flow,

Vg = 413

> [0

Q
Wy
where W is the width of the channel, and ye; is an effective depth calculated as
Vet = ym—NVr_d 4.14

where yn, is the measured flow depth above the flume bottom. The submerged

volume of a hemisphere can be obtained as

1
V.4 =p h%y,, - 3P Vi 4.15

where h isthe roughness element height.

4-9
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Table 4-1 Experimental data (Appendices B and C) used in multiple regression

analysis
Series Pattern Discharge (I/s) | Measured depth (m) | Areacovered (%) Slope
Series 1 27-95 0.025 - 0.055 14.9 0.001
51 3 2.9-105 0.028 — 0.062 17.3 0.001
5 1.8-12.0 0.020 — 0.062 17.7 0.001
1 06-16 0.032 - 0.055 54.6 0.0005
3 02-72 0.023 - 0.055 12.0 0.0005
5 3.2-6.6 0.036 — 0.046 2.9 0.0005
Series 6 28-35 0.034 -0.040 9.8 0.0005
2.2 8 0.7-4.0 0.020 — 0.060 31.8 0.0005
9 0.8-19 0.020 — 0.040 26.1 0.0005
10 14-89 0.024 — 0.060 16.1 0.0005
11 20-52 0.026 — 0.047 13.7 0.0005
13 25-70 0.027 — 0.053 8.1 0.0005
15 04-12 0.043 - 0.055 74.9 0.0005

Table 4-2 Experimental data (Appendices B and C) used for validation of proposed

resistance coefficient F

Series Pattern Discharge (I/s) | Measured depth (m) | Areacovered (%) Sope
Series 2 12-93 0.020-0.062 17.9 0.001
51 4 20-125 0.020-0062 17.0 0.001
6 3.2-129 0.025-0.062 14.9 0.001

2 11-37 0.024 —0.055 22.0 0.0005

Series 4 27-12.1 0.023-0.055 6.2 0.0005
59 12 3.7-6.3 0.031-0.047 8.1 0.0005
16 06-16 0.040 - 0.057 62.9 0.0005

17 06-17 0.031 - 0.055 41.6 0.0005

A multiple regression analysis was performed and the following equation for F
was obtained with R*=0.965;

F =0.16 Fr %% Re®® %% 4.16
4.3.3 Verification of proposed equations (4.10) and (4.16) for the large-
scale roughness condition

The performance of the proposed equations (4.10) and (4.16) can be assessed by

comparison of measured and predicted values of flow velocity with resistance
coefficient F. There are two different questions that need to be answered:

4-10
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Q) What is the flow resistance in terms of the resistance coefficient
F for aknown hydraulic condition?,
2 and (2) What is the flow velocity for a given flow depth?

Two procedures for verification of the proposed equations were therefore applied
as follows:
Procedure 1 - Estimation of Resistance Coefficient (F)

The predictive ability of equation (4.16) has been tested by using measured
velocities to calculate values of Froude number and the roughness element
Reynolds number, and hence resistance coefficient values from equation (4.16),

which were then compared with the measured values.

Procedure 2 — Prediction of Flow Velocity of a Given Depth

This estimation requires an iterative approach that was applied through four steps:

a) For a specified flow depth a flow velocity, V is assumed, and the
Froude number, Fr and the Reynolds number, Re in terms of the
roughness element diameter are calculated.

b) The resistance coefficient, F is estimated from equation (4.16).

c) Theflow velocity, V is calculated from equation (4.10).

d) The calculated velocity (step (c)) is compared with the initially
assumed value (step (a)), and if there isa difference, steps (a) to (c) are
repeated until the assumed and calculated velocities are equal.

Verification of proposed equation (4.16) using Procedure 1

Values of resistance coefficient (F) for all experimental runs listed in Table 4-2
were predicted by equation (4.16). These values, designated as F, were then
compared with the measured values, Fr; prediction errors were calculated as
absolute values of (Fyr — Fm)/Fr* 100%.
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Values of predicted and measured resistance coefficient, F for the verification
data (Table 4-2) are plotted together with the line of perfect fit in Figure 4-1. The
average absolute prediction error was calculated as 8.10%, and the maximum and
the minimum as 21.60% and 0.10% respectively, and the standard deviation of the
prediction error was calculated as 6.80%.

1.0

0.8 1 *

0.6 1

0.4 1
PR 4

Predicted resistance F

0.2 {

0.0 \ \ \ \
0.0 0.2 0.4 0.6 0.8 1.0

Measured resistance F

Figure 4-1 Measured and predicted (equation 4.16) values of resistance coefficient F
together with the perfect fit line for experimental conditionslisted in Table 4-2

Figure 4-1 and the corresponding prediction errors show good correlation between
predicted and measured values of the resistance coefficients.

Verification of proposed equation (4.10) using Procedure 2

Most flow resistance predictions would be required under conditions where the
flow velocity is unknown. True verification of the velocity prediction (equation
(4.10)) with the resistance coefficient (equation (4.16)) therefore requires the
assumption that flow velocity is unknown. For each experimental run the iterative
approach explained above was applied until the value of flow velocity assumed
was equal to that calculated (equation (4.10)) with the resistance coefficient
estimated by equation (4.16). These velocities and resistance coefficients were
then compared with the measured values.
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Measured and predicted values of resistance coefficient and flow velocity together
with the best fit line and 30% accuracy limits for the verification data (Table 4-2)
are plotted in Figures 4-2 and 4-3 respectively.
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Measured resistance F

Figure 4-2 Measured and predicted values of resistance coefficient F together with
the perfect fit line and 30% accuracy limits for experimental conditionslisted in
Table4-2

Predicted average, maximum and minimum absolute errors, and the standard
deviations of the predicted errors for experiments listed in Tables 4-2 were
calculated and presented in Tables 4-3 and 4-4 respectively.

Table 4-3 Resistance coefficient prediction errorsin application of Procedure 2

Experimental | Average Error | Minimum Error | Maximum Error | Standard deviation

Data (%) (%) (%) (%)
Table4-2 15.10 0.10 39.30 12.60
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Figure 4-3 Measured and predicted values of flow velocity together with the per fect

fit lineand 30% accuracy limitsfor experimental conditionslisted in Table 4-2

Table 4-4 Flow velocity prediction errorsin application of Procedure 2

Experimental | Average Error | Minimum Error | Maximum Error | Standard deviation

Data (%) (%) (%) (%)
Table4-2 19.20 0.10 64.60 18.90

Verification of the proposed equations (4.10) and (4.16) as assessed by using the
iterative procedure (Procedure 2) shows their true predictive ability. It can be
seen that prediction errors (Tables 4-3 and 4-4) are higher than were verified by
Procedure 1 (Section 4.3.3) but are ill within acceptable accuracy limits.
Verification of the proposed equations by the two different procedures shows
clearly that Procedure 1 indicated better performance because the Froude number
and the Reynolds number and hence the resistance coefficient were estimated
from the observed flow velocity values. Verification of the proposed equations by
Procedure 1 therefore has limited value for assessing velocity prediction. Further
verification of the proposed equations (4.10) and (4.16) against field data will
therefore be through the iterative approach only.
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434 Equation verification with field data

Depth and velocity distribution data collected in the Cotter River, Australia, are
presented in Chapter 8. Two sites, named Vanities Crossing and Spur Hole, were
selected for verification of the large-scale resistance prediction method.

Photographs of the two sites are presented in Figures 4-4 and 4-5 respectively.

Measurements were carried out a three discharges. The data collected at the
lowest discharge satisfy the large-scale roughness criterion, and were therefore
used for verification of the proposed equations (4.10) and (4.16). As equation
(4.10) was developed for estimation of the average cross-sectional velocity, the
measured flow depths were used to calculate the flow area and the average

velocity was then calculated as aratio of the discharge to the flow area

It should be noted that hydraulic data at these sites were collected for purposes
other than estimating flow resistance, and substrate characteristics are given in
terms of descriptive substrate classes only (Appendix G). To translate the
descriptive substrate classes into particle sizes, the grade scale (adopted from
Brakensiek et al (1979) in Gordon et a (1992)) was used for each cross-section
considered. The substrate diameters and the areal coverages required for
application of the proposed equations ((4.10) and (4.16)) were estimated from the
cross-sectional data (Appendix G), and these are listed in Table 4-5. This was
done by the following steps:

Estimation of the biggest substrate clasts present within a cross-section

under consideration, and

Estimation of the area which these clasts covered.

As an example, estimations for Spur Hole Site, cross-section 3 were carried out as
follows. The data (Appendix G, cross-section 3) indicate that only two (gravel-
cobble and cobble-boulder) substrate classes occur in the cross-section. The areal
coverage of the bigger, cobble-boulder substrate size was calculated as the ratio of
the number of points where this class was surveyed to the total number of points

surveyed within the cross-sectional flow width.
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Figure 4-5 The Cotter River, Spur Hole Site

Procedure 2 was applied to predict the flow velocity for the given discharges. The
volumetric hydraulic radius required for application of the equation (4.10) was
calculated as As / W (Smart et al, 2002).

Measured and predicted velocities are plotted in Figure 4-6. The average absolute
error was calculated as 12.70%.
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Table 4-5 The Cotter River field data

. Roughness Area \Y,
Site D'(Srcnggge \g/gteer diameter covered | measured
P (m) (%) (m/s)
Vanities Crossing
Cross.section 1 0.3305 0.00250 0.30 53.8 0.273
Vanities Crossing
Cross.section 3 0.3305 0.00401 0.40 88.9 0.260
Spur Hole
Cross-section 3 0.3427 0.00197 0.30 31.6 0.230
Spur Hole
Cross-section 5 0.3427 0.00138 0.08 57.9 0.173
0.4
[ ]
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Figure 4-6 Measured and predicted flow velocities for Vanities Crossing and Spur

Hole sites of the Cotter River

From field data that satisfied the large-scale roughness condition it can be seen
that the proposed equation (4.10) for prediction of the average velocity with the
resistance coefficient defined by equation (4.16) reproduced measured flow
velocities well. It can also be noted that prediction is better for both cross-
sections of the Spur Hole site than for the Vanities Crossing site. The predicted
results are quite reasonable considering the limitations of the data - they were
collected by a different team, and the only information available includes cross-

sections, depth-velocity measurements (Appendix G) and some photographs.
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4.35 M odification of the prediction approach for field application

Application of the proposed equation (4.16) requires estimation of the areal
coverage parameter, representing the plan area covered by larger elements over a
total bed area under consideration. This parameter is not practical for use in field
applications, as it is not directly measurable. It is, however, related to the bed

sediment size distribution, which is more commonly measured.

Statistical parameters such as the geometric standard deviation are therefore more
appropriate for representing the resistance-related characteristics of a river bed's
substrate. The geometric standard deviation, as defined by Vanoni (1975), is

s = |DPas 4.17
D16

For lognormally distributed bed material, equation (4.17) can also be expressed in
terms of Dgs4 and Dsg as

s =Pe 4.18
DSO

Replacing A in equation (4.11) by ¢ (from equation (4.18)) leads to

F=aFr°Re‘s ¢ 4.19

Application of equation (4.19) requires re-estimation of coefficients a, b, ¢ and d.
Estimation of these empirical coefficients was carried out using published field
data (Bathurst, 1978 and Bathurst, 1985) that satisfied the large-scale roughness
criterion (y/h < 1). These data were collected from different rivers in Britain. At
each site a survey of three cross-sections in sufficient detail was carried out.
Mean site values of flow area, width and depth were obtained by averaging the
three respective sectional values. The data used in the multiple regression
analysis are listed in Table 4-6.
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Table 4-6 Published field lar ge-scale roughness data used in multiple regression

analysis
Data source River (site name) Bed rr(ﬁﬁl)al Dso Bgf;n(ﬁ%al mt.laLanrt?n ;Tlts

Upper River Tees
—_— (Whiddybank) 278 453 3
Upper River Tees 207 380 3

(1978) (CronkIeyA)

Upper River 185 305 1

Tees(Cronkley B)
South Tyne 146 240 1
Alwin 64 143 1
Glen 60 113 1
Bathurst Ettrick 86 193 1
Tweed 90 183 1
(1985) Almond 118 307 1
Braan 343 740 2
Tromie-2 125 387 1
Dulnain 251 500 2

For each field measurement, the resistance coefficient, F was calculated using

equation (4.10). Multiple regression analysis to quantify equation (4.19) resulted
in the empirical relationship (equation (4.20)) with R?=0.747

F =0.05Fr %%8 Re’1?g ~0%8

Verification of proposed equation (4.20)

4.20

The publication of Hicks and Mason (1998) provided a reference data set for use

in visually estimating resistance coefficients for New Zealand rivers. These data

were collected from different rivers in New Zealand. The number of cross-

sections per reach was generally from thee to five, and the hydraulic parameters

provided were calculated by averaging the surveyed cross-section values.

Verification of the proposed equation (4.20) for estimation of flow resistance was

carried out by applying the iterative approach to Hicks and Mason (1998) field
datathat satisfied the large-scale roughness condition (Table 4-7).
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Table 4-7 Published Hicks and M ason (1998) field data

Data source River (site name) Bed material Dsg Bed material Number of
(mm) Dg, (mm) measurements
Ruakokapatuna 45 119 5
Hicksand Kapoaiaia 78 212 1
Mason (1998) Waiau Water Race 46 80 1
Stanley Brook 32 106 2

Predicted (equations (4.10 and 4.20)) and measured (Hicks and Mason (1998))
velocities together with the perfect fit line are plotted in Figure 4-7.
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Measured velocity

Figure 4-7 Measured and predicted (equations (4.10 and 4.20)) velocities for
published Hicks and Mason (1998) field data listed in Table 4-6

Prediction average, minimum and maximum absolute errors and the standard
deviation are given in Table 4-8.

Table 4-8 Flow velocity prediction (equations (4.10 and 4.20)) errorsin application

to field data (Table 4-7)
Field Data Average Error | Minimum Error | Maximum Error | Standard deviation
(%) (%) (%) (%)
Hicks and Mason 43.47 2.94 73.89 26.42
(1998)
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Taking into account the limitations and uncertainty associated with the field data
that have been used in this development, the predictions of equations (4.10 and
4.20) are not unrealistic over a wide range of natural large-scale roughness
conditions. While errors are appreciable, performance compares favourably with
that of existing methods, as shown in the following section.

Bathurst (2002) equations
Based on twenty-seven published field datasets with 0.37 < y/Dgs < 11 and slopes
in the range 0.2 — 4%, Bathurst (2002) proposed two equations ((2.18) and (2.19)),

for different ranges of channel slope, for predicting flow resistance of rough beds.
Channel slope, S< 0.8%:

(8/f)¥? = 3.84 (y/Dgs) ">’ 2.26
Channel slope, S> 0.8%:

(8/f)¥? = 3.10 (y/Dgs)** 2.27
These equations are based on data that include both large and intermediate scale
roughness conditions. The data were considered together, with no distinction
being made between these conditions. Furthermore, the equations have not been
verified against independent field data

For comparison of equations ((2.26) and (2.27)) with the proposed equations
((4.10) and (4.20)), equations ((2.26) and (2.27)) were first applied to the set of
data that was used to develop equation (4.20). (This is part of the same data set
that was used for the development of equations ((2.26) and (2.27)) that satisfies

the large-scale roughness condition.)

Measured flow velocities are compared with those predicted by equations (2.26)
and (2.27) (referred to as “Bathurst (2002)") and by equation (4.10) with
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resistance coefficient defined by equation (4.20) (referred to as “equation (4.20)")
in Figure 4-8.

The average, minimum and maximum absolute errors for flow velocity prediction
by equations (2.26) and (2.27) are 15.80%, 1.60% and 44.35% respectively, with
astandard deviation of 10.14%. It is clear that equations (2.26) and (2.27) predict
velocities better than the proposed equations (4.10 and 4.20), which produced
corresponding errors of 38.65%, 1.94% and 98.9% with a standard deviation of
29.5%.

1.0

0.8 | A A

0.6 1

0.4 1

Predicted velocity

0.2 1

0.0 ‘ ‘ ‘ ‘
0.0 0.2 0.4 0.6 0.8 1.0

Measured velocity

A Bathurst (2002) A equation (4.20)
Figure 4-8 Measured and predicted (equations (2.26) and (2.27), and (4.10) and
(4.20)) flow velocities with 30% accur acy limits for Bathurst (1978) and (1985)

large-scale roughness field data

Equations (2.26) and (2.27) and equations (4.10 and 4.20) were then applied to the
Hicks and Mason (1998) field data for large-scale roughness (Table 4-7). The
measured and predicted flow velocities are plotted in Figure 4-9.

The prediction errors presented in Table 4-9 show that the proposed equation

(4.20) performs better than equations (2.26) and (2.27) for these data. It was
shown (Figure 4-8) that equations (2.26) and (2.27) predict flow velocity well for
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data (Table 4-6, Bathurst (1978) and (1985)) used for their development. Their
performance is considerably poorer, however, for the independent field data of
Hicks and Mason (1998).
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Figure 4-9 Measured and predicted (equations (2.26) and (2.27), and (4.10) and
(4.20)) flow velocities with 30% accuracy limits for Hicks and M ason (1998)

large-scale roughness field data

Table 4-9 Prediction errorsin application of equations ((2.26) and (2.27)) and
equations ((4.10) and (4.20)) to Hicks and M ason (1998) field data

Prediction Average Error | Minimum Error | Maximum Error S_tandard
(%) (%) (%) deviation (%)
Equations (2.18) and 65.29 9.39 183.57 49.66
(2.19)
Equation (4.20) 43.47 2.94 73.89 26.42

4.4

I nter mediate-Scale Roughness

When the relative submergence lies between 1.0 and about 4.0, the roughness

scale is classified as intermediate. This regime represents a state of flow in which

the influence of the roughness elements on flow resistance is manifest as a

combination of both element drag and effective boundary shear, or friction.

Under such conditions the total discharge can be considered to be the sum of the

discharges below and above the tops of the large roughness elements.
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Alternatively, the discharge can be calculated using a velocity obtained as a
weighted product of velocities reflecting the influences of roughness element drag
and boundary friction, with the weighting factor depending on the relative
submergence. Both hypotheses were investigated, and two approaches, Approach
1 and Approach 2 are presented below.

4.4.1 Resistance prediction Approach 1

The intermediate-scale roughness condition is shown in Figure 4-10 where
Ymeasured 1S the measured flow depth; yer, is an effective flow depth (equation
(4.14)), and yem IS an effective flow depth for the discharge below the tops of the
large roughness elements.

Y2
Ymeasured

NN K

Figure 4-10 I nter mediate-scal e r oughness condition

An eguation to estimate the flow resistance under this condition (Figure 4-10) was
deduced as follows.

Initially assuming flow to be effectively controlled by shear resistance, the unit
width discharge can be estimated through the Darcy-Weisbach equation as

8
q =Varr Tg\/yeﬁzﬁ 421

The depth of flow yes in Figure 4-10is calculated as Yimeasured — NV 4.
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Under intermediate-scale roughness the total discharge (g) can be considered to be
the sum of the discharges below (1) and above (q) the tops of the large
roughness elements, and can be therefore be expressed as

g=q.+ Q2 4.22

The lower zone discharge (qi) is controlled by large-scale type resistance, and

therefore, according to equation (4.21),

1
Q1=yeﬁ1V1=yeﬁ1E\/29yeﬁ1\/§ 4.23

with the value of F corresponding to large-scale roughness conditions.

The flow above the tops of the elements (q,) is described as shear resisted flow

and therefore, with Yeiro— Yeit1 = Y2, Can be calculated as

8
U =Y, |2y, S 4.24

where f, is the friction factor for the flow above the tops of the roughness
elements and would have the value corresponding to small-scale roughness

conditions.

Thetota discharge isthen

1 /8
q:yeﬁ1E\/29yeﬁ1\/§+Y2 f_g\/y—zx/g 4.25
2

or
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q=y a%;l =+ —Jy_z \/_\/_ yz?“/ = \/_\/y_Z\/§ 4.26
e 2 2

Equating the total discharge from equations (4.21) and (4.26) enables a total
effective friction factor to be determined, i.e.

Ay = /Za?e“?/i \/E: 4.27
f g Y. g F fo =
from which
3
521 @ 0"
F_a%fl 1 él' Ya: 07 [4 408
yerfzg yerfzg f,

Now an average velocity can be calculated by equation (4.29) with \/? given by

equation (4.28),

4
Vz\/;,/ gyem\/g 4.29

The ratio VYemn/Yeirz cONstitutes a weighting factor representing the relative
importance of the form and effective shear resistance contributions to total
resistance. For deep flows its value will be small, reflecting the minimal
contribution of the drag resistance from individual roughness elements; the
effective friction factor is then dominated by the second term of equation (4.28),
which then closely approximates that for the bed under small-scale roughness
conditions. In the intermediate-scale range of flow depths the ratio increases with
decreasing flow depth, reflecting the increasing influence of form resistance.
When the flow depth is equal to the height of the roughness elements, the ratio
becomes equal to 1.0 and the second component of equation (4.28) will equal
zero; equation (4.29) then reduces to the form of the equation proposed for large-
scale roughness, i.e. equation (4.10).
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Prediction Approach 1 verification

The proposed eguation (4.29) for estimation of an average velocity, with the
effective friction factor given by equation (4.28), was evaluated by comparison of
measured and predicted velocities for all laboratory tests performed under the
intermediate-scale condition. The values of resistance coefficient F and Darcy-

Weisbach friction factor f were determined from experimental data.
Measured and predicted velocities together with the perfect fit line and 25%

accuracy limits for Series 2.1, 2.2 and 1.1 experiments are plotted in Figs 4-16, 4-
17 and 4-18 respectively.
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Figure 4-11 Measured and predicted (equations 4.28 and 4.29) velocities with 25%

accuracy limitsfor Series 2.1 experiments.
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Figure 4-12 Measured and predicted (equations 4.28 and 4.29) velocity with 25%

accuracy limitsfor Series 2.2 experiments
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Figure 4-13 Measured and predicted (equations 4.28 and 4.30) velocity with 25%

accuracy limitsfor Series 1.1 experiments
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Average, minimum and maximum absolute errors for predicted velocity values for
Series 1.1, 2.1 and 2.2 arelisted in Table 4-10

Table 4-10 Predicted errors for application equations (4.28) and (4.29)

Experiments | Average absolute error (%) Maximum absolute error Minimum absol ute error
(%) (%)
Series 1.2 12.73 32.12 0.32
Series 2.1 8.08 21.35 0.68
Series 2.2 10.14 31.36 1.60

From the application of the proposed equations (4.28) and (4.29) it can be seen

that predicted errors are acceptable. This approach has not been tested against

field data.

4.4.2 Resistance prediction Approach 2

Flow resistance under intermediate-scale roughness is imposed by a combination

of roughness element drag and boundary friction.

prediction method is based on the following hypothesis:

A proposed resistance

If the flow is deep and the relative submergence is greater than four, the

boundary friction will dominate, and the velocity can be then calculated by
equation (2.4),

If the relative submergence is less than or equal to one, flow resistance

will be dominated by the drag of roughness elements, and the proposed
equation (4.10) should then be used,

With increasing relative submergence from one to four, the dominant

resisting effect changes from element drag to friction, and both drag and

friction effects therefore contribute to flow resistance. Under such flow

conditions, the velocity can be estimated by

a .(1-a)
x&loe40
V:(;EQ é,/—i V29R VS
erg g

where a is a function of the relative submergence and varies from 1 to 0.
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When a is equal to 1, equation (4.30) reduces to the proposed equation (4.10)
related to the large-scale roughness condition. With a equal to O, equation (4.30)
will take the form of equation (2.4) for small-scale roughness.

The experimental data related to the intermediate-scale roughness condition were
divided into two sets. One set of data (Table 4-11) was used for development of a
suitable functional relationship of the coefficient a as a function of the relative

submergence.

Table 4-11 Experimental data used for functional development

Flume | Series | Pattern | Relative submergence | Number of runs

111 1.45-3.62 5

B 11 114 1.02-3.55 3
115 1.00-3.24 3

6 1.00-1.37 4

C 21 8 1.00-1.96 5
1 1.00-3.44 6

3 1.00-2.35 7

5 1.00-2.86 3

c 2.2 7 1.00-3.99 5
14 1.00-4.65 5

16 1.00-2.13 4

Equation (4.30) was applied to each experimental run. Application of equation
(4.30) required input of the resistance coefficient F and friction factor f. These
values were calculated from the experimental data for the satisfied flow
conditions. Average velocities for each experiment were calculated (equation
(4.30)) to be equal to the measured velocity by atering input values of the
coefficient a only. Values of the coefficient a together with the related relative
submergence are plotted in Figure 4-14. A suitable relationship form of the
coefficient a as afunction of the relative submergence was fitted as

a=-067Ln& 2+ 0,902 4-31
ehg

The other experimental data (Table 4-12) were used for verification of the
proposed equations (4.30) and (4.31). Measured and predicted (equations (4.30)
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and (4.31)) velocities together with the perfect fit line and 15 % accuracy limits

for data measured in flumes B and C experiments are plotted in Figure 4-15.

The average, maximum and minimum absolute prediction errors for Series 1.1,
2.1 and 2.2 experiments were calculated and are listed in Table 4-13.
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Figur e 4-14 Functional relationship of relative submergence and coefficient a

Table 4-12 Experimental data used for verification of equation

Flume | Series | Pattern | Relative submergence | Number of runs

B 11 112 1.02-4.02 5

' 113 1.02-3.57 4

1 1.00-1.19 3

C 21 7 1.00-1.92 6

2 1.00-2.98 8

4 1.00-2.20 4

c 2.2 6 1.00-3.38 5
15 1.00-2.30 6
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Figure 4-15 Measured and predicted (equations (4.30) and (4.31)) velocities with 15

% accuracy limits for experimentslisted in Table 4-11

Table 4-13 Aver age, maximum and minimum absolute prediction errors for

application of equations (4.30) and (4.31)

Flume | Series Average Maximum Minimum St. Deviation of prediction error
(%) (%) (%) (%)
B 11 7.55 23.45 1.54 6.30
C 2.1 1.79 7.07 0.10 1.98
C 2.2 7.49 22.94 0.07 6.13

Verification of proposed equations (4.30) and (4.31) with Bathurst et al.,
(1981) published experimental data

Published experimental data of Bathurst et al (1981) were used for further
verification of equations (4.30) and (4.31). Bathurst’s experiments were carried
out at Colorado State University in a flume with a length of 9.54m and a width of
1.168m width. The resistance of five bed materials classified as 12.7, 19.5, 38.1,
50.8 and 63.5mm were tested. Experiments were performed with 3 flume slopes
of 0.02, 0.05 and 0.08. Experimental data used for verification of proposed
equations (4.30) and (4.31) are summarised in Table 4-14.
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Table 4-14 Summary of Bathurst et al., (1981) experimental data

Bed material | Dgq long axis | Dggmedian axis | Dgg short axis Discharge | y_measured
(mm) (mm) (mm) (mm) (m/s) (m)
12.7 17.0 115 7.8 0.0019-0.0490 | 0.012-0.046
19.5 28.0 19.3 12.3 0.0021-0.0546 | 0.016-0.054
38.1 59.0 43.0 27.0 0.0018-0.0802 | 0.023-0.101
50.8 73.0 47.0 34.0 0.0025-0.0495 | 0.041-0.095
63.5 90.0 58.0 44.0 0.0037-0.0497 | 0.049-0.108

Application of the proposed equations (4.30) and (4.31) required estimation of the
resistance coefficient F, friction factor f, and the relative submergence. It has
been assumed that the short axis of Dga represents the height of the bed substrate.
The relative submergence for each experiment was therefore calculated as the
ratio of the measured depth to the short axis of Dgs. Application of equation
(4.30) required estimation of F and f. For each experimental run values of F
(equation (4.10)) and f (equation (2.4)) were calculated. For each test, graphs of F
and f as functions of the relative submergence were plotted and were extended, if
necessary, to relative submergences equal to one for graphs of F and to four for
graphs of f. These graphs were used to estimate the values of F and f. These
values are listed in Table 4-15.

Table 4-15 Values of resistance coefficient F and friction factor f estimated from
Bathurst et al., (1981) experimental data for use in equation (4.30)

Bed material (mm) | Slope y/Dgq4 F f
0.02 | 1.65-2.46 | 1.534 | 0.236
12.7 0.05 | 2.53-5.91 | 0.734 | 0.208

0.08 | 1.59-4.59 | 1.010 | 0.231
0.02 | 2.29-5.22 | 1.443 | 0.232
195 0.05 | 1.66-4.36 | 0.890 | 0.172
0.08 | 1.29-3.66 | 1.04 | 0.137
0.02 | 1.10-3.74 | 0.730 | 0.181
38.1 0.05 | 0.85-2.93| 0.673 | 0.169
0.08 | 0.92-2.43 | 0.494 | 0.216
0.02 | 1.48-2.79 | 2.939 | 0.040
50.8 0.05 | 1.30-2.32 | 1.978 | 0.146
0.08 | 1.21-2.20 | 1.200 | 0.162
0.02 | 1.29-2.46 | 1.035 | 0.158
63.5 0.05 | 1.11-2.02 | 0.937 | 0.089
0.08 | 1.05-1.84| 0.798 | 0.071
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Measured and predicted (equations (4.30) and (4.31)) velocities together with the
perfect fit line and 25 % accuracy limits for experiments with five flume beds are
plotted in Figure 4-16.
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Figure 4-16 Measured and predicted (equations (4.30) and (4.31)) velocities with
25% accuracy limitsfor Bathurst et al (1981) experimentslisted in Table 4-14

Average, maximum and minimum absolute errors in prediction of flow velocity
were calculated for each bed material size and slope, and these are listed together
with the standard deviation in Table 4-16.
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Table 4-16 Aver age, maximum and minimum prediction (equations (4.30) and
(4.31)) errors

Bed material Slope Average Maximum Minimum St. deviation of
(mm) error (%) error (%) error (%) prediction error (%)
0.02 2.50 2.73 2.27 0.23
12.7 0.05 9.25 16.85 4.46 4.23
0.08 7.76 18.06 0.18 6.98
0.02 19.70 32.57 1.30 11.52
19.5 0.05 5.26 8.37 0.17 2.60
0.08 10.26 28.62 1.27 10.28
0.02 8.48 13.83 1.16 4.40
381 0.05 8.85 15.39 221 4,51
0.08 6.76 13.40 1.66 3.85
0.02 7.06 15.33 1.63 4.66
50.8 0.05 29.49 38.73 15.08 8.23
0.08 14.60 27.40 3.67 8.85
0.02 14.75 20.13 6.19 4.71
63.5 0.05 14.24 20.52 4.26 5.51
0.08 5.84 8.50 2.70 1.68

The measured and predicted velocities plotted in Figure 4-16, and predicted errors
listed in Table 4-16 show that the proposed approach can be recommended for
estimation of flow velocity under intermediate-scale roughness conditions.

Verification of proposed equations (4.30) and (4.31) with Bathurst (1985) and
Hicks and Mason (1998) published field data

Further verification of the performance of the proposed equations ((4.30) and
(4.31)) was carried out by comparison of measured and predicted flow velocities
of Bathurst (1985) and Hicks and Mason's (1998) published field data that
satisfied the intermediate-scale criterion. Data used for this verification are listed
in Table 4-17.

The prediction approach was first applied to the field data of Bathurst (1985).
Measured and predicted (equations (4.30) and (4.31)) flow velocities are plotted
in Figure 4-17. Predictions by Bathurst’s (2002) equations ((2.18) and (2.19)) are
included for comparison in Figure 4-17, as these were derived for flow conditions
with y/Dgs<11 representing the intermediate-scale roughness. Predicted (equations
(2.18) and (2.19)) values are denoted “Bathurst (2002)” while equations ((4.30)
and (4.31)) predictions are denoted “Equation (4.31)".
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It can be seen (Figure 4-17) that flow velocity prediction for both approaches is
very similar. Average, maximum and minimum absolute prediction errors
together with the standard deviation are presented in Table 4-18.
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Figure 4-17 Measured and predicted (equations (4.30) and (4.31), and (2.18) and
(2.19)) flow velocities with 30% accuracy limits for published field data of

Bathurst (1985)
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Table 4-17 Published field data used for verification of proposed equations (4.30)

and (4.31)
Dt cource River Mean flow depth Bed material Number of
. Dg4 (Mmm) measurements

(site name) (m)
South Tyne 0.50 240 1
Bathurst Ettrick 0.21-0.47 193 3
Tweed 0.72 183 1
(1985) Tromie-2 0.40-0.89 387 5
Findhorn 0.30 and 0.45 140 2
Waiau Water Race 0.22-0.30 80 3
Cardrona 0.28 and 0.30 78 3
Hutt 0.42-0.67 212 3
Clarence 0.38-0.77 200 6
Forks 0.28 and 0.39 104 2
. Wai papa 0.39and 0.41 91 2
M;';ﬁs(i‘ggg) Flaser 0.31— 042 208 3
Rowallanbum 0.62and 0.86 250 2
Northbrook 0.16-0.26 50 4
Ruakokapatuna 0.24 and 0.42 119 2
Kapoaiaia 0.26-0.54 212 5
Butchers Creek 0.31-0.67 168 5
Stanley Brook 0.32 106 1

Table 4-18 Aver age, maximum and minimum absolute predicted errorsin
application of equations (4.30) and (4.31), and (2.18) and (2.19) to Bathurst (1985)

field data
Average Maximum Minimum St. deviation of
Approach error error error prediction error
(%) (%) (%)
Equations (2.18) and | 4 g¢ 69.18 1.60 18.08
(2.19)
Equations (4.30) and
(4.31) 23.87 72.41 1.67 21.02

Prediction errors in application of the proposed equations ((4.30) and (4.31)) are

slightly higher.

Nevertheless, this approach was developed based on the

laboratory data only while the development of equations ((2.18) and (2.19)) was
based on this field data.

Equations (4.30) and (4.31), and (2.18) and (2.19) were also applied to the Hicks
and Mason (1998) field data. Predicted and measured flow velocities together

with the perfect fit line and 30% accuracy limits are plotted in Figure 4-18.
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Average, maximum and minimum prediction errors and the standard deviations
were calculated and are presented in Table 4-19.
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Figure 4-18 Measured and predicted (equations (4.30) and (4.31), and (2.18) and
(2.19)) flow velocities with 30% accuracy limits for published Hicks and M ason
(1998) field data

Table 4-19 Aver age, maximum and minimum absolute predicted errorsin
application of equations (4.30) and (4.31), and (2.18) and (2.19) to Hicks and M ason

(1998) field data
Average Maximum Minimum St. deviation of
Approach error error error prediction error
(%) (%) (%) (%)
Eq“at'o(”zsl(gjlg) and | 5148 197.29 0.87 52.88
Equations (4.30) and
(4.31) 27.09 116.88 0.20 25.47

As before, when equations (2.18) and (2.19) are applied to the independent field

data the resulting prediction is much poorer compared to predictions using the

proposed method.

4-38




Chapter 4: Prediction method for resistance controlled conditions

4.5 Conclusions

The different resistance effects in river channels with coarse substrates under
small-, intermediate- and large-scale roughness conditions have been described by
appropriate equations.  Conventional shear resistance type eguations are
appropriate for small-scale roughness conditions. Equation (4.10) is proposed for
estimating velocity under large-scale roughness condition with the resistance
coefficient F given as a function of roughness element Reynolds number, Froude
number and areal coverage by equation (4.16). These equations were tested
against independent laboratory data and Cotter River field data, and proved to
give satisfactory performance. For field applications, equation (4.20) is proposed
for estimating F. Thisissimilar to equation (4.16) but accounts for bed roughness
in terms of the geometric standard deviation of bed material particle sizes rather
than the areal coverage of largest clasts. Application to field data showed
performance to be at least as good as the best known, but less rationally justifiable
as an aternative. Both equations (4.16 and 4.20) can be used for field
applications depending on which parameter A or o is estimated for a site under
consideration.

Two approaches (Approach 1 and Approach 2) are proposed for estimating
velocity under intermediate-scale roughness conditions. Approach 1 is based on
an assumption that the total discharge is the sum of the discharges below and
above the top of the large roughness elements. Based on this assumption,
equation (4.29) for estimating the average velocity was theoretically developed
and then applied to experimental data. Application of equation (4.29) to
experimental results suggests that the approach performs satisfactorily. Its
performance has yet to be tested against field data. An alternative new way
(Approach 2) (equation (4.30)) for estimating velocities under intermediate-scale
roughness conditions incorporating the influence of both large-and small-scale
roughness is proposed. Coefficient a (equation (4.31)) effects partitioning of the
influences of the two roughness scales. The proposed equations ((4.30) and
(4.31)) were verified against experimental (Bathurst et al, 1981) and field
(Bathurst, 1985; Hicks and Mason, 1998) data with promising results.
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5 EXPERIMENTAL INVESTIGATION OF HYDRAULIC
CONDITIONSWITH LARGE ROUGHNESSELEMENTS

51 Introduction

Flow depth and velocity are hydraulic parameters used to describe aguatic
animals' habitats and to predict biotic responses to discharge in a river. Under
low flow conditions in a riffle area, a wide range of local flow depths and
velocities occur, and the cross-section average depth and average velocity are
insufficient to define the aquatic habitats at different flows. Prediction of flow
depth and velocity distributions for a given discharge is therefore an important
part of environmental studies.

At low flows, rocks and boulders control the local velocity and depth
distributions. Flow is rapidly varied, and the occurrence of particular local
velocities and depths is caused by the boundary geometry rather than flow
resistance phenomena. Under such conditions, hydraulic features such as
hydraulic jumps, local backup, contractions and critical controls occur over the
whole area (Figure 5-1). Furthermore, all these features change with discharge.
Under such conditions an average flow depth and velocity have limited value for
ecological interpretation. As the discharge increases, the multiple local controls
become submerged and the flow tends towards a resistance controlled condition,

with consequent changes in the distributions of local flow depth and velocity.

Prediction of velocity distributions under multiple local control conditions is very
difficult. Although the phenomena are easily understandable through elementary
rapidly spatially varied flow theory using concepts of Specific Energy,
Momentum Function and the occurrence of critical flow, the complexity of the
situation (such as shown in Figure 5-1, for example) makes direct application of
this theory practically impossible.
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An alternative to deterministic prediction is statistical description, and statistical
models (Chapter 2) have been proposed for quantifying velocity and depth
distributions. These are generally based on field data and do not account
explicitly for multiple local control conditions.

Figure 5-1 shows a wide range of flow depths and velocities, typical of multiple
local controlled conditions. An understanding of the effect of various controlling
factorsisrequired for prediction of velocity and depth distributions under multiple
local controlled conditions, whether a deterministic or a statistical approach is
followed. For this reason, laboratory experiments were conducted in the
hydraulics laboratory of the School of Civil and Environmental Engineering,
University of the Witwatersrand. The results of this experimental work are
presented in this chapter.

Critical control

Backup

Figure 5-1 Example of multiplelocal controlled conditions created in the laboratory
flume
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52 Laboratory Investigations of Local Velocity Distributions: Flume C
Experiments

521 Experimental Conditions

A series of experiments were carried out to test the influence of the transverse
gpacing between roughness elements and the control condition (multiple local
control or resistance control) on the statistical distribution of local velocities. The
experiments were conducted in a 0.5m wide channel formed within a 2.0m wide,
15.0m long, tilting laboratory flume under controlled and idealized conditions.
The flume slope was set to 0.0005 for all experiments. Water was supplied to the
flume through a closed circulation system, and a control valve situated in the
supply pipe a the head of the experimental flume was used to control the
discharge. The discharge was measured with a V-notch, installed downstream of
the flume, and by an electronic flow meter with sensors in the water supply pipe.
The discharge was 0.0161m°/s for all experiments. The downstream flow depth
was controlled by an adjustable tailgate at the end of the flume.

Experiments were carried out to investigate velocity distributions under local
controlled conditions created by two hemispheres (D = 0.112m) representing
natural roughness elements. The hemispheres were place in line along the cross
section at Chainage 5.5m from the flume entrance, with three different spacing’s.
Three different tailgate settings were used to induce multiple local controlled or
resistance controlled conditions for the different arrangements. The experimental
conditions are listed in Table 5-1.

A two-dimensional Nortek Doppler Velocimeter (NDV) was used to measure
velocity. Velocities were measured in the longitudinal (x) and transverse (y)
directions. A total of 1000 samples of a 9mm sampling volume at mid-flow depth
were recorded at each measuring point for 40 seconds at a frequency of 25 Hz.
Time-averaged velocities obtained by the NDV were determined using the
CollectV Data Acquisition Program.
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For al the experiments, mid-flow depth velocities were measured on a grid
extending from Chainage 5.00m (0.50 m upstream of the hemispheres) to
Chainage 7.00m (1.50 m downstream of the hemispheres). Measurements were
taken over 20 cross sections at 0.05 m transverse intervals. The cross sections
were located with varying spacing, to ensure adequate description of longitudinal
variations. From Chainage 5.00m the cross sections were spaced at 0.10m up to
Chainage 5.50m, then at 0.05m up to Chainage 5.80m, at 0.10m up to Chainage
6.20m, and at 0.20m up to Chainage 7.00m. It must be recognized that a
statistical representation of a velocity distribution in situations such as this will
depend on the sample area. The experiments were conducted only to enable
comparison of the effects of the different arrangements and are not atempts to
define usable distributions.

Table 5-1 Experimental conditions

Discharge Spacing Tailgate position Control
Test Slope
(m®/s) (m) (m) Condition

1 0.0161 0.0005 0.14 0.1005 MLC
2 0.0161 0.0005 0.24 0.1005 MLC
3 0.0161 0.0005 0.38 0.1005 MLC
4 0.0161 0.0005 0.24 0.1012 RC
5 0.0161 0.0005 0.38 0.1012 RC
6 0.0161 0.0005 0.24 0.1030 RC
7 0.0161 0.0005 0.38 0.1030 RC

Where: MLC: Multiple Local Control, RC: Resistance Control

Flow depths were also measured at the velocity measurement locations but are not
presented here because the water surface disturbances in the supercritical flow
regions were of the same order of magnitude as the flow depth. The error margins
on the measurements are therefore too great for statistical interpretation in the

same way as for the velocity measurements.

5.2.2 Results

For better understanding of how local velocities change with spacing between
obstacles and with hydraulic conditions (multiple local control or resistance
control), a statistical method was used to analyze the measured data. A frequency
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distribution approach was applied to all the experimental tests to count numbers of
occurrences of each measured value in each data set over the same area. A bar
chart graphic format was used for showing the results. The measured velocities
are presented in Appendix E, in Tables E-1 to E-7 for each of the 7 conditions
tested.

To be able to compare velocity frequency distributions for different experimental
runs, the graphs should be plotted in the same velocity scale. The measured
velocities (Appendix E) were therefore analyzed to establish the maximum that
was measured. Then a decision of how many classes to have and how wide the
classes should be was made. As the maximum velocity was measured in Test 2
(0.655 m/s), all results presented here are therefore plotted with 7 classes within
the class width of 0.1nvVs.

For Tes 1, a locally controlled condition was created by setting the tailgate
position appropriately (Figure 5-2). The distribution of local velocities is shown
by the histogram in Figure 5-3.

Figure 5-2 Tests 1, two hemispheres with spacing of 0.14 m
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Figure 5-3 Velocity distribution under local controlled condition created by two
hemispheres with spacing of 0.14 m

The histogram is unimodal and skewed to the right (Figure 5-3). The mode is
within the 0.2 to 0.3m/s velocity class. It can be seen that the highest velocity
class is void, presumably because the narrow gap restricted the development of
high velocities.

For Test 2, the spacing between the hemispheres was increased to 0.24m (Figure
5-4) and local controlled conditions were maintained. The velocity distribution
histogram is shown in Figure 5-5.
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Figure 5-4 Test 2, two hemispheres with spacing of 0.24 m
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Figure 5-5 Velocity distribution under local controlled condition created by two
hemispheres with spacing of 0.24 m

From the histogram can be seen that with an increased spacing of 0.24m, a wider
range of velocities occurred.
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For Tes 3 the two hemispheres were positioned with spacing of 0.38m (Figure
5-6), again with local control. A histogram of the measured velocitiesis in Figure
5-7. The histogram is unimodel, but skewed to the left.

Figure 5-6 Test 3, hemispheres with spacing of 0.38 m
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Figure 5-7 Velocity distribution under local controlled condition created by two
hemispher es with spacing of 0.38 m

From Figure 5-7 it can be seen that the highest velocity class is void, as for the

narrower gap (Figure 5-5), and the strong mode characterizes the uniformity.
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For Test 4, the hemispheres were positioned as for Test 2, but the tailgate was
raised by 0.007m in order to submerge the local control influences. The resulting
velocity histogram is shown in Figure 5-8. The mode iswithin the same 0.2 to 0.3
velocity class as for Test 2. With this condition another higher velocity class (0.5-
0.6mVs) is void, and the mode is within the 0.1-0.2nVs velocity class, indicating

greater uniformity than under locally controlled conditions.
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Figure 5-8 Veocity distribution created by two hemispher es with spacing of 0.24 m

under submerged local controlled condition

For Test 5, the hemispheres were positioned as in Test 3, and the position of the
tallgate was as in Test 4, again to submerge the local control effects. The
histogram of velocity distribution is presented in Figure 5-9. This histogram
(Figure 5-9) is very different from that for Test 3 (Figure 5-3). No velocities
occur in the 0.5-0.6 class, while the other five classes have similar occurrences,

showing a more consistent frequency distribution.
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Figure 5-9 Veocity distribution created by two hemispher es with spacing of 0.38 m

under submerged local controlled condition

Test 6 was run to investigate increased submergence by raising the height of the
tailgate to 0.018m. The velocity distribution histogram is shown in Figure 5-10.
About 80% of the measured velocities are within 0.1-0.2m/s class. There are no
measured velocities higher than 0.4m/s. The strong mode characterizes the

uniformity.
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Figure 5-10 Ve ocity distribution under resistance controlled condition created by

two hemispheres with spacing of 0.24 m
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Test 7 was conducted for spacing between hemispheres of 0.38m, and the tailgate
height as in Test 6. The velocity distribution histogram is plotted in Figure 5-11.
All the measured velocities are within the range of 0 to 0.4m/s, with only four
classes.
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Figure 5-11 Ve ocity distribution under resistance controlled condition created by

two hemispheres with spacing of 0.38 m

523 Discussion

The influence of the different spacing’s of 0.14, 0.24 and 0.38m in Tests 1, 2 and
3 respectively on the velocity distribution under local controlled conditions is
shown in the comparison of velocity distribution histograms in Figure 5-12. This
shows that with the same tailgate setting, the velocity range is similar for the
different spacing’s, but the distributions are rather different. The highest range of
velocities occurred with the intermediate spacing of 0.24m (Test 2); the highest
velocity class was void for a spacing of 0.14m (Testl) and also for the widest
gpacing (Test 3). It is therefore concluded that spacing between the large
roughness elements is one of the parameters that influences the velocity
distribution, with large spacing resulting in high local velocities under multiple
local control conditions.
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Figure 5-12 Effect of element spacing on velocity distribution under multiple local

control condition

The influence of downstream conditions on the velocity distributions for tests 2, 4
and 6 with spacing of 0.24m and tests 3, 5 and 7 with spacing of 0.38m are shown
in Figures 5-13 and 5-14 respectively. Spatially explicit velocity distributions for
spacing’s 0.24m (Tests 2 and 6) and 0.38m (Tests 3 and 7) are presented in
Figures 5-15 and 5-16 respectively. It is apparent that locally controlled
conditions (Tests 2 and 3) produce a wider range of local velocities than occur
under resistance controlled conditions (Tests 6 and 7). Submergence of local
controls (Tests 2, 4 and 6, and 3, 5 and 7) therefore decreases the hydraulic
diversity and multiple local controlled conditions can be expected to provide a
wider variety of physical habitats than resistance controlled conditions. This
difference emphasizes the importance of being able to predict velocity
distributions in environmental studies in which aquatic animals’ habitats need to
be specified.

These results suggest that the lack of generality of statistical descriptions of
velocity distributions severely limits their useful application in practice.
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Figure 5-13 Effect of submergence condition on velocity distribution for roughness

element with spacing of 0.24 m
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Figure 5-15 Explicit velocity distributions for spacing of 0.24m for Test 2 (bottom
graph) and Test 6 (top graph)
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Figure 5-16 Explicit velocity distributions for spacing of 0.38m for Test 3 (bottom
graph) and Test 7 (top graph)

5.3 Laboratory Investigations of Local Velocity Distributions: Flume B

Experiments
The Flume C experiment results have been presented in the form of local velocity
histograms. These give representations of the relative occurrences of different
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velocities within specified classes in a reach of channel, without conveying any
idea of where the velocities occur in relation to the roughness elements. Aquatic
animals often use relatively localized areas of a stream for particular functions,
and experience a wide range of hydraulic conditions even around single rocks. It
is useful to be able locate suitable habitat areas in a spatially explicit way, and to
understand the influence of channel characteristics on hydraulic conditions at
particular specified locations. This set of experiments was conducted to gain
understanding of the influence on the velocity distributions around a single
roughness feature of other features in the channel.

531 Experimental Conditions

These experiments were conducted in a 0.38m wide, 15.0m long, glass-sided
tilting laboratory flume set at a dope of 0.001136. A tailgate fixed downstream of
the flume was used to establish uniform flow for a given discharge. Water was
supplied to the flume through a closed circulation system, and two valves situated
in the supply pipe at the head of the flume were used to control the discharge.
The discharge was measured with a V-notch installed downstream of the flume,
and by an electronic flow meter with sensors in the supply pipe. The discharge
was 0.005m’/s for all experiments, resulting in resistance controlled conditions.

Two shapes of roughness element, cylindrical and hemispherical, were tested.
Test 1 wasfirst carried out in the flume with no roughness elements to determine
the uniform flow depth and associated cross-sectional velocity distribution to
establish a basis for assessing the effects of the large roughness elements. Tests 2
to 6 were performed using concrete hemispheres with D = 0.114m placed on the
flume bed at different chainages (measured from the beginning of the sloping part
of the flume), while in Test 7 the roughness element was simulated by a cylinder
with D = 50mm. Experimental conditions of all tests arelisted in Table 5-2.

Velocities were measured in the longitudinal (x direction) and transverse (y
direction) channel directions, using the same NDV apparatus as used in the Flume
C experiments. A total of 500 samples in a 9mm sampling volume were recorded
at each measuring point for 20 seconds at a frequency of 25 Hz. Time-averaged
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velocities obtained by the NDV were assessed using the CollectV Data
Acquisition Program. All measured data are included in Appendix F.

Velocities were measured on a grid extending from Chainage 3.5m in each case to
an appropriate downstream location. Measurements were taken over a number of
cross sections at 0.02m transverse intervals. The cross sections were located at
different positions for each experiment to capture the distinct characteristics of
each roughness pattern. Velocities were measured over half the channel width in

each case.
Table 5-2 Experimental conditions
T El D hai S Disch
est _It_a)r/r;eren Number of Chainage ope ischarge
El

(mm) | 5O (m) (mls)
1 Empty N/A N/A N/A 0.001136 0.005
2 Hemisphere 114 1 45 0.001136 0.005
3 Hemisphere 114 2 45and 5.5 0.001136 0.005
4 Hemisphere 114 3 45,55and 6.5 0.001136 0.005
5 Hemisphere 114 4 45,55 65and 7.5 0.001136 0.005
6 Hemisphere 114 2 45and 8.5 0.001136 0.005
7 Cylinder 50 1 45 0.001136 0.005

5.3.2 Results

The measured velocities are presented in Appendix F, in Tables F-1 to F- 7 for
each of the 7 conditions tested. Note that the velocity profiles presented here are
plotted over the full channel width, assuming symmetrical repetition of the

measurements over half the width.
The first experiment (Test 1) was conducted to establish uniform conditions and

therefore was run without any roughness elements. The measured uniform depth

was 0.035m. The transverse velocity distribution is shown in Figure 5-17.

5-16



Chapter 5: Experimental investigation of conditions with large roughness

e ements

0.55

0.45 +

0.35 +

Velocity (m/s)

0.25 +

0.15

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Distance from the left side of the flume (m)

Figure 5-17 Transverse velocity distribution under uniform conditions (Test 1)

For Test 2, a single hemisphere was placed at chainage 4.50m. Velocities were
measured at 19 cross-sections along the flume. Transverse velocity distributions
at Chainages 3.50, 4.00, 4.40, 5.50 and 6.60m together with that for the empty
flume are shown in Figure 5-18. A photograph of the experimental set up of Test
2 isincluded as Figure F-1 in Appendix F. A plan-view of the spatial distribution
of longitudinal velocity is illustrated in Figure 5-19. Variations of longitudinal
velocity together with the uniform velocity are shown on Figures F- 7 to F- 10 in
Appendix F.

Influence of one hemisphere on the velocity distribution (Test 2) is shown in the
comparison with uniform velocity distribution (Test 1) in Figure 5-20. It can be
seen that a single hemisphere has changed the velocity distribution creating wider
velocity variety.
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Figure 5-19 Plan-view of spatial distribution of longitudinal velocity for Test 2
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Figur e 5-20 I nfluence of one hemisphere placed at chainage 4.50m on the velocity

distributions

For Tes 3, two hemispheres were positioned on the bottom of the flume at
Chainages 4.50 and 5.50m. Velocity measurements were taken at 24 cross-
sections.  Transverse velocity distributions at Chainages 3.50, 4.40, 4.70, 5.00,
5.60, 6.10 and 7.00m are shown in Figure 5-21. A photograph of the Test 3
experiment is given as Figure F-2 in Appendix F. The spatial distribution of
longitudinal velocity is presented as Figure 5-22. Graphs of the longitudinal
distributions of velocity, together with the uniform velocity are included in
Appendix F as Figures F-17 to F-26.

The influence of two hemispheres on the velocity distribution (Test 3) is shown in

the comparison with uniform velocity distribution (Test 1) in Figure 5-23. It can
be seen that two hemispheres have divested the vel ocity distribution.
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Figure 5-21 Measured transver se velocity distributions for Test 3
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Figure 5-22 Plan-view of spatial distribution of longitudinal velocity for Test 3

One more hemisphere was placed at Chainage 6.50m for Test 4, and velocities
were measured at 24 cross-sections. Cross-sectional measured velocities are
shown in Figure 5-24. A view of the spatial distribution of longitudinal velocity
is presented in Figure 5-25. A photograph of the Test 4 experiment is present in
Fig. F-3 (Appendix F). Figure 5-26 presents comparison of the velocity
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distributions for the uniform condition (Test 1) and the velocity distribution
created by three hemispheres placed along the flume bed. It can be seen that three
hemispheres create a wide range of velocity.
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Velocity (m/s)

B Test3 BTest1

Figur e 5-23 I nfluence of two hemisphere (Test 3) on the velocity distributionsin the

comparison with uniform velocity distribution (Test 1)
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Test 5 was conducted with four hemispheres positioned at Chainages 4.50, 5.50,
6.50 and 7.50m. Velocities were measured at 28 cross-sections; the results are
shown in Figure 5-27. A photograph of the experimental setup is showed in
Figure F-4 in Appendix F. A view of the longitudinal velocity distribution is
presented in Figure 5-28. Velocity distribution histograms for Test 5 and Test 1
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are plotted in Figure 5-29. It isclear that the diversity of the velocity distributions
for Test 5is greater than for the uniform flow (Test 1) but less than for Test 4.
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Figur e 5-29 I nfluence of four hemisphere (Test 5) on the velocity distributionsin the

comparison with uniform velocity distribution (Test 1)

The influence of two hemispheres on velocity and depth distributions was
investigated in Test 6. Hemispheres were installed at Chainages 4.50 and 8.50m,
and velocities measured at 14 cross-sections. The results are shown in Figure
5-30. Graphs of longitudinal velocities are shown in Figures F-27 to F-36, in
Appendix F. The experimental setup is shown in Figure F-5 of Appendix F. A
plot of the velocity distribution is given in Figure 5-31. Velocity distributions in
the form of a histogram for Tests 1 and 6 are plotted in Figure 5-32.
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The last experiment (Test 7) was carried out to examine the effect of roughness
element shape on velocity distributions. In rivers many large rocks protrude
through the water surface, and are better represented by cylinders than
hemispherical shapes. The influence of a single cylinder on the velocity
distributions was tested here. The cylinder was installed at Chainage 4.50m. The
test is similar to Test 2 where the hemisphere was placed at the same chainage.
Velocities were recorded at 16 cross-sections, and the results are plotted in Figure
5-33. A photograph of the experiment is shown in Figure F-6 (Appendix F). A
view of the velocity distribution is presented in Figure 5-34. The influence of one
cylinder on the velocity distribution (Test 7) in comparison with the uniform
velocity distribution (Test 1) is presented in Figure 5-35.
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533 Discussion

The experimental results for Test 2 (Figure 5-18) show that a single obstacle
affects the velocities for a considerable distance upstream and downstream. The
velocities upstream are all reduced by the presence of the obstacle, and even at the
first measurement position (about 9 times the obstacle diameter (D) upstream) the
maximum velocity is only about 81% of that for the unobstructed flow. At the
most downstream section (about 18D downstream), the distribution has recovered
almost completely, although the near wall velocities are slightly elevated.

The addition of a second hemisphere 1.0m (9D) downstream of the first (Test 3,
Figure 5-21) has a further significant effect on the velocity distribution. The
maximum velocity 9D upstream is now only about 70% of that for the
unobstructed flow. The profile has recovered completely by 9D downstream of
the second hemisphere.

With a third hemisphere 1.0m (9D) further downstream (Test 4, Figure 5-24), the
upstream velocity distribution is even further affected. The velocity in the centre

5-28



Chapter 5: Experimental investigation of conditions with large roughness

e ements

of the channel is reduced to 64% of the unobstructed value, but the profile has
become distorted with the maximum value off centre and equal to about 87% of
the unobstructed value at this location.

A fourth hemisphere 1.0m (9D) downstream of the third (Test 5, Figure 5-27) has

no further effect on the velocity distribution upstream of the first element.

Test 6 (Figure 5-32) had only two hemispheres in line, but spaced very far apart.
The influence of the second one on velocities upstream of the first one appears to
be much the same as when there are more hemispheres in line over a similar
distance. Comparison of Test 3 and Test 6 (Figure 5-37), shows that the effect of
the hemisphere spacing on the velocity distributions is not very significant,
suggesting that the number of obstacles is an important parameter.

These results suggest that obstacles in the lee zones of upstream obstacles have a
significant effect on flow velocities upstream of the first one in line, but that
recovery of the transverse profile below the last one in line is not greztly affected

by obstacles upstream of the last one.

Comparison of Test 2 (for a single hemispherical obstacle) and Test 7 (for asingle
cylindrical obstacle), shows the effect of the cylinder on the velocity distributions
to be dlightly less than that of the hemisphere, suggesting that obstacle shape
could be an important consideration.
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Figure 5-37 I nfluence of shape of the roughness element in the velocity distributions
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54 Conclusion

The Flume C experimental results show that local controlled conditions provide
greater hydraulic diversity in a channel than resistance controlled conditions. The
distributions are also dependent on the spacings between roughness elements.
The change in velocity distributions with flow condition makes their prediction

very difficult.

The Flume B experimental results show that the distribution of velocity around an
obstacle is influenced strongly by other obstacles in its proximity, even if these
are within its lee zone. The shape of an obstacle also has an effect on the

surrounding velocity distribution.

Use of dtatistical descriptions of velocity distributions must take cognizance of
their sensitivity to channel bed geometry and flow conditions. Computational
modelling provides a potentially more reliable approach, and is pursued in
Chapter 6.
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6 PREDICTION METHODS FOR VELOCITY DISTRIBUTIONS
WITH LARGE-SCALE ROUGHNESS

6.1 Multiple Local and Resistance Controlled Conditions

The laboratory investigations of velocity distributions under local and resistance
controlled conditions presented in Chapter 5 showed that the velocity frequency
distributions induced by the different control conditions are different in nature.
The differences are illustrated by the results for the case of two hemispheres
spaced 0.24m apart in the Flume C experimental series (Tests 2 and 6) and 0.38m
apart (Tests 3 and 7), which are reproduced in Figures 6-1 and 6-2 respectively.
The range of velocity classes is wider under locally controlled conditions (Tests 2
and 3) than under resistance controlled conditions (Tests 6 and 7); the diversity of
hydraulic conditions is therefore decreased by submergence of local control
features. Both conditions commonly occur a the same location in coarse
substrate rivers, with local control occurring at very low discharges and
submergence taking place as discharge increases. This means that the frequency
distributions of velocity at a particular site can be expected to change as discharge
varies. Prediction methods of the velocity frequency distributions should clearly
be able to distinguish between these control conditions, associate their
occurrences with discharge values, and provide the appropriate histograms.
Standard regional distribution functions developed from measured data at
particular study sites are unable to do this — they do not generally distinguish
between the conditions or allow for realistic ranges of discharge.

Computational modelling provides an alternative to data-based statistical
distributions for predicting velocity frequency characteristics. There are now a
number of commercial and public domain two-dimensional (2D) and three-
dimensional (3D) hydraulic models available that may be used for these purposes.
They have the advantage of generality in not being based on site-specific data, but
rather on rigorous theory; they should therefore be expected to be able to account
for changes in control phenomena with discharge. They are also able to predict
both velocity and depth simultaneously.
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They have the disadvantages of cost (at least for the commercial packages),

requiring a high level of user expertise, and requiring detailed site-specific

topographical information, which is expensive to obtain.
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A public domain 2D model, River2D has been tested for suitability in predicting
velocity distributions for environmental flow analysis purposes. In the following
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sections the model is described briefly, tested for its ability to smulate locally
controlled flow conditions, and tested for accuracy against some of the laboratory
results presented in Chapter 3.

6.2 River2D modelling

I mplementation of River2D for eco-hydraulic modelling in South Africa is being
investigated as part of Water Research Commission project K5/1508 (Hirschowitz
et a., 2007). That project will report on the model’s applicability for different
levels of Ecological Reserve determination, and present a set of guidelines for its
use in South Africa

River2D is a two-dimensional, depth average hydrodynamic and fish habitat
model developed specifically for use in natural streams and rivers. It is a Finite
Element model, based on the basic physical principles of conservation of mass
and momentum, and on a set of congtitutive laws which relate the driving and
resisting forces to fluid properties and motions. It features subcritical-
supercritical and wet-dry area solution capabilities.

River2D is one of a suite of four programmes which also include R2D_Bed,
R2D_Mesh and R2D_Ice. The general modelling procedure applies the following
steps:

Develop a bed topography using R2D_Bed (and R2D_Ice where

applicable).

Develop a mesh (a computational discretization) using R2D_Mesh

Apply River2D to solve for water depths and velocities.

6.2.1 Trans-critical flow ssmulation

The River2D suite has been used to simulate some hypothetical rapidly varied
flow conditions to test its ability to describe the trans-critical flow conditions
associated with multiple local controlled conditions. The simulations have been
performed for different sizes of roughness elements (D from 0.10m to 0.40m).
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The number of obstacles was varied from 2 to 10. The predicted distributions of

Froude number are shown in Figures 6-3 to 6-7.

The simulations presented in Figure 6-3 show that the spacing between two
obstacles influences the flow pattern. Here, two hemispherical roughness
elements are located on the same cross section in a 1.8m wide channel with their
centres 0.36m and 1.6m apart, similar to the situations presented in the adjacent
photographs. In both cases the situation is clearly locally controlled, and the
simulations show realistic transitions between subcritical and supercritical flow.

They also show expected differences in flow pattern associated with the different

spacing’s.
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Figur e 6-3 River 2D modelling, (left) D=0.10 m, centreto centre spacing = 0.36m

(right) D=0.20 m, centreto centre spacing = 1.6m



Chapter 6: Prediction methods for velocity distributions with large-scale
roughness

The effect of differences in size of roughness elements is shown in Figure 6-4,
where simulations with different sizes as well as spacing and channel width are
presented. The Froude number varies over a wider range in the right hand
diagram where the roughness element size is bigger (D = 0.35m) compared with
the left hand one (D = 0.25m). In Figure 6-5 the combined influence of
longitudinal spacing and size of obstacles is shown (D = 0.35m in the left hand
and D = 0.40m in the right hand one). The influence of the number of obstacles

and their arrangement on the flow pattern is shown in Figures 6-6 and 6-7.

Froude # Froude #

1.72 2213
! .201
i 179

2 157
134
112

e
0G&

1.04

D.86

-U.Bﬂ
052

B 035

.0.18
0.01

e 045

.0.23
0.01

Figur e 6-4 River 2D modelling, (Ieft) D=0.25m, centr e to centre spacing = 1.5m,
(right) D=0.35m, centreto centre spacing =1.2m
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Figure 6-5 River 2D, (left) D=0.35m, c/c transver se=1.20m, longitudinal=9m
(right) D=0.40m, c/c transverse=1.20m, longitudinal=7m
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Figure 6-6 River2D modelling, D=0.15m at the left and theright plots
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Figure 6-7 River 2D modelling, D=0.15m

These hypothetical applications show that it is possible to describe a complex bed
geometry comprising large roughness elements using River2D_Bed. The model
is able to smulate realistically the complex flow patterns associated with locally
controlled conditions, and particularly transitions between subcritical and

supercritical flow.

6.2.2 Prediction of velocity frequency distributions

The previous section established that River2D is able to smulate complex flow
patterns associated with locally controlled flow. In this section its accuracy in
predicting velocity distributions around large roughness elements under resistance
controlled conditions istested. The laboratory measurements described in Section
3.3 provide the test data. Here, the local velocities around one of the hemispheres
in the experiment for Series 2.2, Pattern 6 (Figure C-6, Appendix C) were
measured. The channel was 12.00m long and 2.00m wide, set on a slope of
0.0005. Hemispheres with 0.072 m diameter were arranged in staggered pattern

with 0.20m centre to centre spacings.
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To model this situation, a mesh of 0.05m size was set up over the whole bed, and

refined to 0.02m over each hemisphere for more accurate representation of the bed

topography.

Modelling was performed for the two experimental discharges, Q = 3.0l/sand

Q = 21.0l/s, for which velocity distributions around the one hemisphere were
measured. Details of the experiments related to velocity measurements are given
in Chapter 3, sections 3.3.1 and 3.3.2 for Q = 21.0l/sand Q = 3.0l/s respectively.

The local velocities predicted by River2D were extracted in Excel format, and
were analysed using the same velocity classes as the measured data.

Modelled (River2D) and measured velocity distributions in histogram format for
Q = 3.0l/s with velocity classes of 0.01m/s and 0.02nVs, and for Q = 21.0l/s with
velocity classes of 0.01 and 0.02nmV/s are plotted in Figures 6-8, 6-9, 6-10 and 6-11
respectively.

The predicted velocity frequency distributions agree well with the measured ones
with both specified velocity classes for Q = 3.0l/s. The dominant velocity is
dlightly underestimated and the highest velocity classes are dlightly over-
represented, but the shape of the distribution is well reproduced. In contrast, the
predicted frequency distributions for Q = 21.0l/s are rather poor. For the finer
resolution histogram, the dominant velocity is in the wrong class, and in the
coarser resolution histogram the dominant class is over-represented. The
distributions are also skewed the wrong way, with the higher classes being

emphasized rather than the lower ones.

The difference in performance for the two cases is a result of the different flow
conditions and the appropriateness of the type of model for each of these. In 2D
modelling a vertical distribution of velocity at each calculation point is assumed,
which is realistic in some situations, but not others. The flow condition for Q =
3.0l/sis a large-scale roughness one. Under such conditions the vertical velocity
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profiles are not unduly distorted by the roughness elements, and the assumption
made in 2D modelling is reasonable. (In fact, for this experiment only a single
velocity — at mid flow depth — was measured, and was regarded as representative
of the depth-averaged value). The flow condition for 21l/s is one of intermediate-
scale roughness. The vertical velocity profiles are highly variable from position
to position, and a single assumed profile must be a very poor representation at
many locations. This situation requires 3D modelling for accurate representation
of local velocities. However, it must be acknowledged that for environmental
flow analysis purposes, velocities and their distributions are usually required at
coarser scales under these conditions. In other words, while the flow is highly
nonuniform at the bed roughness scale, it is relatively uniform at the flow depth
scale. Velocity variations of concern at this scale would be determined by
channel characteristics at the cross-section scale, rather than the roughness
element scale. The choice of 1D, 2D or 3D model is ultimately dictated by the
question being asked and the scale of features inducing non-uniformity as well as
the resources available to carry out the study.
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6.3 Conclusions

Statistical models for describing velocity frequency distributions in rivers that are
based on measured field data generally do not distinguish between multiple local
control and resistance control flow conditions. They are therefore not generally
applicable, and cannot account for velocity distribution changes associated with

varying discharge.

Complex bed geometry can be modelled by R2D_Bed.

The River2D model can describe multiple local control conditions realistically,

and trans-critical flows in particular.

River2D can predict velocity frequency distributions reliably under large-scale
roughness conditions where the vertical velocity profiles are not unduly distorted
by the roughness elements (Figures 6-8 and 6-9). Application of the River2D
model for prediction of the velocity frequency distributions under intermediate-
scale roughness showed a very poor representation. It can be explained by
variation of the vertical velocity profiles, under such condition 3D modelling for

accurate representation of local velocities is required.
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7 VEGETATION FLOW RESISTANCE

7.1 Background

Reeds are a vegetation type widely present in South African rivers and wetlands,
and they contribute significantly to flow resistance. The ability to quantify reed
resistance is therefore essential for engineering applications and environmental
management of these systems. The influence of reeds and similar emergent
vegetation types on overall flow resistance depends on their foliage characteristics
and distribution patterns. There are three situations pertaining to the occurrence
of vegetation in rivers and wetlands, viz. flow through emergent vegetation, flow
in channels with emergent vegetation boundaries, and flow in channels with
discrete vegetation patches.

The basic flow resistance of reeds is determined by the morphology of the
individual reed stems and characteristics of the whole reedbed. Plant
characteristics such as stem diameter, stem height and the distribution of leaves
and branches influence the drag imposed on the flow, and all vary seasonally. A
practical 6-step iterative procedure is developed for routine conveyance
estimation.

Vegetation in strips along the channel banks increases overall resistance by
imposing greater local resistance and retarding flow in adjacent clear water zones.
Under such conditions discharges can be calculated separately for the vegetated
and clear zones of a cross section, and added together to obtain the total discharge.

The third type of instream vegetation that influences overall flow resistance is
discrete patches, where the flow resistance is strongly influenced by the overall
areal coverage, and varies significantly with the overall distribution pattern of the
patches, their size and shape, and the degree of longitudinal and transverse
fragmentation.
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The resistance phenomenon under such conditions is very complex, and
conveyance cannot be described by a single equation or simple procedure.
River2D software was tested for prediction of overall flow resistance with discrete

patches.
7.2 Estimation of Flow Resistance through Emergent Vegetation
7.2.1 Introduction

The effect of reeds on flow resistance is a complex phenomenon, and is
determined by the morphology of the individual reed stems and characteristics of
the whole reedbed. As part of a study of reedbed dynamics, associated hydraulics
and sedimentation and their mutual interaction, James et a (2001) developed a
rigorous simulation model (REEDFLO) for flow through reeds that accounts for

the fundamental processes influencing flow resistance.

REEDFLO provides a realistic description of the resistance phenomenon and can
account for the influential parameters with a high level of detail. It is, however,
too complex and cumbersome for practical application, and provides a level of
resolution beyond what is usually necessary. The computational model of
vegetation-influenced flow has been applied hypothetically to identify the
variables most significant in determining resistance to flow through emergent
reed-type vegetation, and to develop a simple procedure for estimating
conveyance. A rational form of stage-discharge relationship is adopted and a
formulation for the resistance coefficient in terms of the significant variables
(stem spacing, stem diameter and stem drag coefficient) is derived through
application of the computational model. Experimental results (James et al, 2001)
are used to relate the stem drag coefficient to ssem Reynolds number and foliage
state. The stage-discharge and resistance coefficient equations and the drag
coefficient relationship are applied through a simple 6-step iterative procedure for
routine conveyance estimation (Jordanova et al, 2006). The procedure is verified
by comparison of predicted and measured discharges for flow through natural

vegetation.
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7.2.2 The REEDFL O model (Jordanova et al 2006)

REEDFLO is based on force balance principles. The classic drag force equation
is used to describe stem drag, with local approach velocity determined through the
defect model of Petryk (1969). Both submerged and emergent conditions can be
accounted for, using eddy-viscosity and mixing length functions to describe flow
through and above the stem zone. The model includes some empirical content,
requiring calibration with experimental data  For a specified discharge,
REEDFLO predicts the flow depth, the vertical distribution of velocity, the bed
shear stress, the total stem drag, the effective drag coefficient based on average
velocity, and the effective channel resistance in term of Manning's n or Darcy-
Weisbach friction factor f. The development for emergent conditions is described
below.

The model uses numerical techniques to obtain solutions to the finite-difference
equations describing the balance of applied and resisting forces acting on flow
elements (Li and Shen, 1973; Petryk and Bosmajian, 1975; Christensen, 1976;
Lindner, 1982; Kosorin, 1983)

F,=F;+F, 7.1

where Fa : the applied force per unit plan area,

Fs : the resistance force per unit plan area contributed by the bed, and
Fv . the resistance force per unit plan area contributed by the
vegetation.

The applied force per unit plan areais given by

2
F,=gyS,(1- nxnypD ) 7.2
where g : the unit weight of water,
y : the flow depth,

S : the energy slope,
% -the numbers of stems in the longitudinal direction
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Ny : the numbers of stems in the lateral direction, and

D : the stem diameter.

The resistance force contributed by the bed per unit plan area is related to bed
shear stress by

pD?

Fg =t (1- n.n, 2

) 7.3

in which tg isthe bed shear stress.

The resistance force contributed by the vegetation per unit plan area (F,) is
determined by the empirical drag force relationship for vertical cylinders

1
R, :ECDer yDn,n, u?, 7.4

whereu, . the asymptotic approach velocity (the velocity attained within a

large stand of stems),

p : the water density, and

Cpbe : the effective drag coefficient that accounts for the influence of
adjacent obstructions and surface wave effects in a multi-stem

arrangement, as proposed by Richter (1973), i.e.

& 00
C,, =61+1.9C, aqi__fCD 7.5
& y 20
where a, . the distance between reed stems in the lateral direction, and
Co : the drag coefficient for isolated cylindrical elements, which is a

function of the cylinder Reynolds number.

7.2.3 Development of a practical resistance equation (Jordanova et al,
2006)

REEDFLO is too computationally intensive for practical direct application and

predicts flow characteristics through emergent reeds at a higher level of resolution
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than is generally necessary or justified, considering the uncertainties associated
with vegetation characteristics and drag coefficient values. The model has
therefore been applied hypothetically to develop a simple resistance relationship
for flow through emergent vegetation stems, using the following steps (described
in the sections that follow) (Jordanova et al, 2006):

|dentification of factorsthat determine flow resistance,
Determination of the form of the flow resistance equation,
Estimation of drag coefficient values, and

Development of aresistance coefficient relationship.

I dentification of factorsthat determine flow resistance

The development of a general resistance equation for different conditions requires
identification of the factors that significantly influence flow resistance. The
impact of vegetation depends on many complex interacting factors, including
parameters related to vegetation - stem diameter, spacing and drag coefficient, and
channel properties represented by slope and substrate. Flow conditions were
therefore smulated for a wide range of input variable values, which were varied
systematically to explore their effects on flow resistance, and to enable
identification of the most important ones. The variables investigated and the
ranges of their variations are listed in Table 7-1. Simulations were performed for
discharges of 0.01 and 0.05 m*/s/m.
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Table 7-1 Variables and their range used in REEDFL O simulations

Variables value

0 0 0 0
Vaiable Range +10% +25% +50 % +75%

Base
-10 % -25% -50 % -75 %
' 5.5 6.3 7.5 8.8
Stem ?mfer’ D 5.0-20.0 5.0
45 3.8 25 1.3
0.0550 0.0625 0.0750 0.0875
Stem spacing, s (m) 0.05-0.45 0.05
0.0450 0.0375 0.0250 0.0125
0.0011 0.0013 0.0015 0.0018
Bed dope, S 0.0005-0.005 0.001

0.0009 0.0008 0.0005 0.0003

0.0138 0.0156 0.0188 0.0219
Bed roughness, ks (m) | 0.0125-0.003 | 0.0125
0.1130 0.0094 0.0063 0.0031

1.2650 1.4375 1.7250 2.0125
Drag coefficient, Cp 1.0-2.2 115
1.0350 0.8625 0.5750 0.2875

In the first series of simulations, the base values of the variables were increased
by up to 75 %. The responses of flow depth for a discharge of g=0.05 m*/s/m
(Figure 7-1) show that changes in different variables affect flow resistance (and
hence flow depth) differently. Change in stem diameter (D) and spacing (s) has
significant influence on flow resistance, change in slope (S) and drag coefficient
(Cp) has moderate influence, while the influence of bed roughness (ks) change is
small.
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Figure 7-1 Effect of increasing variable values on change of flow depth

for g=0.05 m%s/m

In the second series of investigations, the values of the variables were decreased
by up to 75 % (Table 7-1). The responses of flow depth for a discharge of

0=0.05 m*/s'm are shown in Figure 7-2. The curves for stem spacing (Figure 7-2)
and slope show significant influence: flow depth increases by 285 % for a
decrease in stem spacing of 75 % and by 100% for a decrease in bed slope of 75
%. As shown in Figure 7-1 the effect of bed roughness change on flow depth is
very small. Stem spacing and diameter are therefore important in determining
flow resistance, and further investigation of their influence was carried out.
Figure 7-3 shows the influence on flow depth of three realistic diameter values
(D=5.0 mm, D=10.0 mm and D=20.0 mm) at a slope of 0.0005, a discharge of
0.05 m* /s/m, and stem spacing’s in the range 0.05 to 0.18 m. The influence of
diameter on flow depth can be seen to decrease slightly with increased stem
spacing, suggesting that the influence can not be accounted for in terms of relative
spacing (s/D) only, but also depends on absolute values of stem spacing and stem
diameter. For example (Figure 7-3), for a spacing of 0.1 m and diameter of 20.0
mm (relative spacing of 5) the flow depth is about 1.3 m, while for the same
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relative spacing with a stem spacing and stem diameter of 0.05 m and 10.0 mm,
respectively, the depth is 1.75 m.

300
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Figure 7-2 Effect of decreasing values on changein flow depth for g=0.05 m%s/m

The results of simulations performed enable us to investigate how different
parameters affect the flow resistance. It has been found that bed roughness, as was
expected, has a small or even negligible effect on flow resistance. Vegetation
parameters - stem diameter, stem spacing and drag coefficient have a significant
effect on flow resistance. Thisis understandable, because resistance in reedbedsis
dominated by stem drag, which depends strongly on the morphology and density
of stems (James et al, 2001). Bed slope also strongly influences flow resistance
indicating that it would be a parameter in defining the retardance to flow (Kouwen
and Unny, 1973; Wu et al, 1999).

On the basis of this analysis, the vegetation parameters of stem diameter, sem
gpacing and drag coefficient, and the bed slope have been identified as the most
important parameters determining flow resistance.
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Figure 7-3 Effect of stem spacing on flow depth for stem diameters of 0.005, 0.01 and
0.02 m for slope of 0.0005 and gq=0.05 m*/s/m

Deter mination of form of the flow resistance equation

Although widely used, Manning’s equation is poorly suited to vegetated channels
(James et al, 2001; Turner et al, 1978; Turner and Chanmeesri, 1984; James et al,
2004) and a more general form of resistance equation, such as proposed by Turner
and Chanmeesri (1984) and Smith et al (1990) is considered here. The discharge-
depth equation offered by Turner and Chanmeesri (1984) is given by

q :G-lymso.S 7.6
where q : the discharge per unit width,

G - acoefficient of roughness which is independent of slope, and

S : the channel slope.

The roughness coefficient (G) and exponent (m) need to be determined

experimentally.

Smith et al (1990) recommended a similar equation,
q=aS, b y° 1.7
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inwhich a, b and ¢ are experimentally fitted parameters. However, the suggested
parameters were determined from experiments for a particular crop type,
geometry and flow conditions, and this limits their application.

James et al (2001, 2004) showed that from the balance of forces driving and
resisting the water movement, where the resistance to flow is caused exclusively
by stem drag rather than boundary shear, the velocity is independent of flow
depth. The proposed equation is

Vv =%\/§ 7.8

in which F is a resistance coefficient dependent on stem diameter (D), stem

density (N) and drag coefficient (Cp) given by

2--
METRTE
(%]

Equation (7.8) suggests that the exponent of Sin equation (7.7) should be 0.5, and
flow depth is present for continuity reasons only, and its exponent should be 1.0.
The discharge-depth equation is accordingly given by

q=ywW 7.10

Equation (7.9) was developed theoretically for cylindrical rods and simple
hydraulic conditions without accounting for the influence of adjacent obstructions
and surface wave effects in a multi-stem arrangement.

The computationally intensive REEDFLO model determines the velocity at a
longitudinal position within a multi-stem arrangement by deducting from the
velocity in the absence of vegetation, Vo, the sum of the velocity defects arising
from all upstream stems and adjacent obstructions. The velocity per unit flow
width in a multi-stem arrangement is given by (James et al, 2001; Li and Shen,
1973)
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1 Sw/2

V=V,-— 0z 7.11
W-SW/Z

where V : the average velocity,

w : the flow width,

Sw : the spread of the wake,

Ug : the flow velocity defect, and

z : the lateral distance relative to the obstruction.

Application of REEDFLO allows development of an empirical resistance
coefficient (F) that accounts for surface wave and blockage effects within a large
reed stand. The most suitable way of expressing the functional relationship in
terms of dimensionless parameters was found to be

F=m P 2 7.12
Dy "¢

Estimation of drag coefficient values

The range of drag coefficient (Cp) values for reeds has been determined from
results of laboratory experiments with real reed and morphologically similar
bulrush stems(James et al, 2001). Two reed stems (reed 1 and 2 in Table 7-2) and
a bulrush stem were harvested from stands of Phragmites australis and Typha
capensis in the Braamfontein Spruit, in Johannesburg. The characteristics of the
freshly cut semsare listed in Table 7-2.
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Table 7-2 Drag coefficient values for reed and bulrush stems

Stem Type Foliage Foliazgr]nez,)b\rea, Stem(gi;r;eter, Re Co
Reed 1 Full foliage 0.0292 10.8 638-4838 1.35-3.46
Reed 2 Full foliage 0.0340 8.40 457-4347 1.75-6.79
Reed 2 6 leaves 0.0318 8.40 246-4347 155-16.2
Reed 2 3 leaves 0.0158 8.40 246-4731 1.27-16.2
Reed 2 Stem only 0 8.40 255-4686 1.25-4.34
Bulrush Full foliage 0.0339 11.57 501-5981 2.22-5.34

Drag force experiments were performed in a 24 m long, 0.915 m wide, horizontal
flume. Vegetation stems were held normal to the flow in arectangular aluminium
frame mounted on a pivot that allowed the applied force to be measured by
maintaining moment equilibrium. Flow velocities were measured at the stem

level with the stem removed.

The drag force (Fp) on astem isrelated to flow and stem characteristics by

Fo =Cp Apr%rvz 7.13
where Ay : the stem area projected in the flow direction, and
\ : the local flow velocity.

The drag coefficient (Cp) depends on the stem size and shape and the Reynolds
number (Re) expressed in terms of stem diameter (D)

Re=— 7.14

Experimentally determined values of Cp with corresponding Reynolds numbers
for all three stems are plotted together with the standard curve presented by
Albertson et a (1960) in Figure 7-4. The stem of reed 2 was progressively
stripped of leaves and branches to determine the relative contributions of the main
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stem and the foliage to drag. It was tested first with all its leaves and branches,
then with 6 leaves, 3 leaves, and finally with only the bare stem. The foliage
areas of the stems were measured by tracing the outlines on to squared paper
(Table 7-2). Values of Cp are plotted against Reynolds number (Re) in Figure 7-5
for the reed stem with no leaves, and in Figure 7-6 for the reed with 6 and 3
leaves. All the experimentally determined Cp values are plotted together in
Figure 7-7, which includes curves for the upper and lower limits and a best-fit
curve through all the values.

The relationship between drag coefficient, Cp, and stem Reynolds number (Re)
can be represented by

Co=aRe’ 7.15

Best-fit values of coefficients a and b for all the experimental conditions are
listed in Table 7-3.

100
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L 2
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Figure 7-4 Drag coefficient for natural reed and bulrush stems

7-13



Chapter 7: Vegetation flow resistance

10
*
y =30.3x 0384
b= R?=0.865
5 R
o
% ) \ T standard curve
8 & stemonly
(o))
o
[a)
0.1 T
100 1000 10000
Reynolds Number
Figure 7-5 Drag coefficient for reed stem with no leaves
100
INTERMEDIATE FOLIAGE
[ ]
= 10
) 3-6 leaves y = 999.58x0:8043
E R2 = 0.895 standard curve
o ® 3 leaves
% B 6leaves
a 14 T
0.1 .
100 1000 10000

Reynolds Number

Figure 7-6 Variation of drag coefficient with varying degree of leaf foliage
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Figure 7-7 Variation of drag coefficient with degree of foliage

Table 7-3 Values of a and B coefficients for estimation of the drag coefficient as a

function of the stem Reynolds humber

Description a b
Stem only 30.3 -0.38
3—6leaves 999.58 -0.80
Full Foliage 209.9 -0.58
Upper limit 1241.2 -0.79
Lower limit 10.35 -0.28
Average 114.79 -0.62

Development of resistance relationship

The functional relationship for F (Eg. 7.12) has been quantified by multiple
regression analysis of the results of 270 REEDFLO simulations for a wide range
of al the input variables. Redlistic ranges of values of stem spacing, stem
diameter and bed slope were selected according to field data from the Sabie,
Letaba and Sand Rivers within the Kruger National Park, South Africa (Kotschy,
2003; Carter, 1995; van Coller et a, 1997). This established appropriate ranges of
relevant parameter values for practical application of the proposed equation. The
ranges of input variables used in the simulation runs are given in Table 7-4.
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Table 7-4 Range of variables for which the resistance equation (7.16) is applicable

Variable Range
Discharge, g (m°s'm™) 0.005-0.5
Bed dope, S 0.0005-0.002
Stem diameter, D (mm) 5.0-20.0
Stem spacing, s (m) 0.05-0.1

The following relationship has been derived for the conditions listed in Table 7-4.

0.65@ 60.07
F=18822 §—2 C,°° 7.16
eDg Yo
with r? equal to 0.95. The predictions of equation (7.16) are compared with
values derived from the REEDFLO simulations in Figure 7-8. Equation (7.6)
reproduces the REEDFLO values with an absolute error of 11.5 %, a standard

deviation of 8.4 % and a maximum error of 33.3 %.

25
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1.0 |

Predicted, F (equation 16)

0.5

0.0

0.0 05 1.0 15 2.0 25
Modelled, F (REEDFLO)

Figure 7-8 Predicted (equation (7.16)) and modelled (REEDFL O) resistance
coefficient F (James et al, 2001)
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7.24 Proposed procedure for practical application (Jordanova et al
2006)

A simple procedure using equations (7.8), (7.10), (7.14), (7.15) and (7.16) is

proposed for practical stage-discharge determination for waterways with emergent

vegetation.

Application of the procedure consists of 6 steps:
From field data, obtain representative values for stem diameter (D), stem
spacing (s), bed slope (S and the average height of stems from the bed to
thefirst leaf.

For a specified flow depth assume a flow velocity (V) and calculate the
Reynolds number in terms of the stem diameter (D) (equation (7.14).

Depending on the flow depth of interest in relation to the height of the first
leaf, estimate the drag coefficient (Cp) from Figure 7-7 or by using Eq.
7.15 and Table 7-3, according to the degree of foliage.

From equation (7.16) calculate the resistance coefficient, F, and from
equation (7.8) calculate the velocity, V.

Compare the calculated velocity with the initially assumed one, and if
there is a difference, repeat steps 2, 3 and 4 until the assumed and
calculated velocities are the same.

From equation (7.10) calculate the discharge (q) for the nominated flow
depth.

7.25 Procedure verification

Assessment of the proposed procedure (Section 7.2) for practical application
requires field or experimental data on flow resistance with real reeds or similar
plants. Published data on flow resistance with real vegetation is very limited, and
often does not include information about hydraulic conditions.  Suitable
experimental data for flow through crops of wheat, reeds and bulrushes are,
however, available from the work of Turner and Chanmeesri (1984), Hall and
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Freeman (1994), Meijer and van Velzen (1999) and James et al (2004). For each
data set the discharge was calculated for each experimental flow depth and
compared with the measured value.

Turner and Chanmeesri (1984)

Laboratory experiments with crops of wheat were carried out in a long concrete
channel on a fixed slope, and in a smaller flume with a variable slope. The tests
were conducted for different sowing patterns, stem densities, stages of growth,
and slopes. The experimental data used to verify the proposed procedure (Section

7.2) were extracted from their observations, and are presented in Table 7-5.

Table 7-5 Data from experiments of Turner and Chanmeesri (1984)

Discharge, Q Flow depth, y Stem diameter, D Spacing, s | Slope,
Test
(m°s) (m) (mm) (m) S
0.0007 0.0161 2.72 0.03 0.002
0.0011 0.0247 2.72 0.03 0.002
0.0015 0.0328 2.72 0.03 0.002
B 0.0020 0.0445 2.72 0.03 0.002
0.0025 0.0555 2.72 0.03 0.002
0.0031 0.0665 2.72 0.03 0.002
0.0036 0.0750 2.72 0.03 0.002
0.0040 0.0860 2.72 0.03 0.002
0.0010 0.0140 2.89 0.05 0.0028
0.0015 0.0220 2.89 0.05 0.0028
0.0018 0.0260 2.89 0.05 0.0028
0.0026 0.0360 2.89 0.05 0.0028
H 0.0032 0.0415 2.89 0.05 0.0028
0.0036 0.0495 2.89 0.05 0.0028
0.0040 0.0535 2.89 0.05 0.0028
0.0046 0.0585 2.89 0.05 0.0028
0.0049 0.0670 2.89 0.05 0.0028

Hall and Freeman (1994)
Hall and Freeman (1994) carried out laboratory experiments on flow through
bulrushes (Scirpus validus) at different growth stages. A weir installed

downstream of the channel was used to control backwater. The first sets of
experiments were conducted for “low” and “high” taillwater conditions, the stem
diameter was 7.0 mm and the density of the stems was 403 per square metre. The
second set of experiments was run for “high” tailwater conditions only, when the
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stem diameter was 7.6 mm and the stem density was 807 per square metre. The

experimental stage-discharge data used for verification are listed in Table 7-6.

Table 7-6 Data from experiments of Hall and Freeman (1994)

Discharge, Q | Flowdepth,y | Stem diameter, D Spacing, s Sope,
Test

(ms) (m) (mm) (m) S
June 1992 0.009 0.103 7.0 0.05 0.0088
Tests (low 0.026 0.215 7.0 0.05 0.0105
tailwater) 0.044 0.268 7.0 0.05 0.0145
0.057 0.306 7.0 0.05 0.0145
June 1992 0.009 0.313 7.0 0.05 0.0010
Tests (high 0.026 0.339 7.0 0.05 0.0035
tailwater) 0.044 0.403 7.0 0.05 0.0040
0.057 0.432 7.0 0.05 0.0050
0.010 0.347 7.6 0.035 0.0028
November 0.026 0.374 7.6 0.035 0.0085
1992 Tests 0.044 0.417 7.6 0.035 0.0120
0.064 0.448 7.6 0.035 0.0198

Meijer and van Velzen (1999)

In addition to their studies with artificial vegetation represented by steel rods,

Meijer and van Velzen (1999) also carried out some tests with natural reedsin a

3.0 m wide, 100 m long laboratory flume. The data for these were used for

verification and are given in Table 7-7.

Table 7-7 Data from experiments of Meijer and van Velzen (1999)

Discharge, Q | Flowdepth,y | Stem diameter, D Spacing, s Slope, S
Test
(m/s) (m) (mm) (m)
Emergent 0.36 1.22 5.7 0.063 0.0013
reeds 0.53 1.27 5.7 0.063 0.0026

James et a (2004)

The hydraulic and resistance characteristics of flow through reeded channels were
investigated using harvested reed (Phragmites australis) in a 0.38 m wide, 0.66 m

high and 10.4 m long flume. Two test series were undertaken to differentiate
between the leaf and stem resistance of reeds, the first with foliated and the
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second with defoliated reeds set vertically in a regular rhomboidal pattern.
Experimental data are listed in Table 7-8.

Table 7-8 Data from experiments of James et al (2004)

Discharge, Q | Flow depth,y | Stem diameter, D | Spacing, s Slope, S
Test
(m’/s) (m) (mm) (m)
0.0014 0.047 9.5 0.071 0.0015
Full foliage 0.0029 0.134 9.5 0.071 0.0015
0.0049 0.331 9.5 0.071 0.0015
0.0064 0.482 9.5 0.071 0.0015
0.0030 0.078 9.5 0.071 0.0015
Stem only 0.0067 0.165 9.5 0.071 0.0015
0.0096 0.239 9.5 0.071 0.0015
0.0152 0.353 9.5 0.071 0.0015

The proposed procedure (Section 7.2) was applied to the four sets of experimental
data. A summary of comparisons between predicted and measured discharges in
terms of maximum, minimum and average absolute errors, and their standard
deviations is given in Table 7-9. The average absolute error in the predicted
discharge for al 39 testsis 12.9%. An application of the proposed procedure was
performed on the same sets of experimental data using the resistance coefficient
(equation (7.9)), and the average absolute error in the predicted discharge is
18.1%. The difference in performance of the proposed procedure with the
resistance coefficients (equations (7.9) and (7.16)) in terms of the average
absolute error shows equation (7.16) to be superior. The performance of equation
(7.9) deteriorates significantly as the amount of foliage increases.

Available data required for verification of prediction of the proposed procedure is
limited, and for the data used, not all information on hydraulic and vegetation
conditions was available. At this stage it is therefore difficult to evaluate why the
method performed better or worse for different conditions. However, considering
the limited data on which the method is based, particularly for Cp, the proposed
procedure performs reasonably well. It provides a workable method that can be
improved as new data become available.
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Table 7-9 Summary of comparison between predicted and measur ed discharges

Discharge computation
No. of . Average Standard
T
Source est tests Min absolute Max absolute absolute error deviation
error (%) error (%) %) (%)
Turner and B 8 3.7 12.6 7.4 25
Chanmeesri (1984) H 0.3 9.5 3.7 8.8
Low 4 3.7 233 135 6.9
tailwater
Hall and Freeman High
(1994) tailwater 4 0.9 30.5 17.2 12.6
November
1992 4 9.2 20.3 13.2 4.3
Meijer and van Emergent
Velzen (1999) reeds 2 3.1 9.2 6.1 31
Full
James et al (2004) foliage 15 17.0 11.6 6.1
Stem only 28.2 317 30.5 14
7.2.6 Conclusions

A computational model of vegetation-influenced flow has been applied to identify
the characteristics that most significantly influence resistance to flow through
emergent reed-type vegetation, and to develop a simple, direct approach for
resistance calculations.

The most important variables influencing emergent vegetation resistance are the
vegetation stem diameter, the stem spacing, the stem drag coefficient and the
channel slope. Bed roughness has little influence in drag dominated flows.

The proposed stage-discharge relationship (equation (7.8)) is rational in origin,
but includes an empirical resistance coefficient. A formulation for this coefficient
is presented (equation (7.16)) that accounts rationally for the underlying variables
and processes (through the REEDFLO model), and reduces the empirical content
to the stem drag coefficient only.

The stem drag coefficient depends on the stem Reynolds number and the stem
foliage, as presented in Figure 7-7, based on available real vegetation stem drag
data.
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Resistance to flow through emergent vegetation can be estimated through a simple
iterative procedure (Section 7.2) employing equations (7.8) and (7.16) and the
drag coefficient diagram (Figure 7-7). Predictions show satisfactory agreement
with measured stage-discharge data for emergent vegetation.

Field data, required for Step 1, should be collected with an understanding of the
influence of each parameter on overall resistance. Reed stem attribute data have
to be subjectively sampled to cover the range of densities, stem diameters and |eaf
distributions. Seasonal changes in stem characteristics need to be understood and
taken into account where necessary for effective prediction of the interaction
between reeds and flow.

The proposed procedure has been tested only against the limited available
laboratory data, and has not yet been verified against field data. Nevertheless, it
provides a simple conveyance estimation method for flow through emergent
vegetation with reliability consistent with current knowledge, which can be
refined as suitable field data become available.

7.3 Conveyance Estimation for Channels with Emergent Vegetation
Boundaries
7.3.1 Introduction

Emergent vegetation is a common feature along river banks. It can influence flow
resistance significantly even if it occupies only a relatively small part of the
channel (James et al, 2001), and should be accounted for in estimation of the
channel conveyance. Vegetation increases overall resistance by imposing greater
local resistance where it occurs, and by retarding flow in adjacent clear water

Zones.

The well-structured distribution of roughness presented by vegetation occurring in
strips along the channel banks suggests channel subdivision as a suitable strategy
for practical conveyance calculation. Discharges can be calculated separately for
the vegetated and clear zones of a cross section, and added together to obtain the
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total discharge. The effects of flow interaction between the zones can be
quantified for this purpose through recognition of an apparent shear stress at the
zonal interface, tending to resist flow in the clear channel and propel it within the
vegetation.

The flow contribution of the vegetated zones for channels with bank vegetation is
usually small, and may often be ignored. Where it is significant, the discharge
may be estimated using the procedure presented in Section 7.2, athough this
method will underpredict the discharge slightly because of the propelling

influence of the adjacent clear channel flow.

The conveyance estimation method for the clear channel zone between the bank
vegetation zones has been proposed by James and Makoa (2006). A discussion of
this method is presented below.

7.3.2 Clear channel zone discharge

A clear channel between vegetation strips can be considered as one of composite
roughness, with different roughnesses on the sides and the bed. If resistance
coefficients for the different surfaces are known, then an equivalent coefficient for
the whole clear channel can be determined by well-known composite roughness
formulae (Chow, 1959; French, 1985). For the following formulations the
channel cross section is divided into a number of subsections (N), each with a
wetted perimeter (P;) (which does not include the interfaces with adjacent

subsections), and with a known subsection value of the resistance coefficient (n;).

Various eguations, based on different assumptions, have been proposed for

estimation of the equivalent, overall, value of Manning’s n.

7-23



Chapter 7: Vegetation flow resistance

Horton (1933):
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where ne : the equivalent value and
P : the total wetted perimeter.

Pavlovski (1931):

where R : the hydraulic radius of the i subsection, and

R : the total hydraulic radius.

Colebatch (1941):
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where A  the area of the i subsection, and
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A : the total area.

These equations have been tested (James and Makoa, 2006) for the situation of
vegetation-type side boundaries using laboratory data obtained by James et al
(2001). A brief review of the laboratory experimental set up is presented below.

7.3.3 Laboratory experiments (James et al, 2001)

The influence of vegetation strips (including those wholly within the channel as
well as along the banks) on channel conveyance was investigated experimentally
by James et al (2001). Experiments were carried out in a 12.26 m long, 1.0 m
wide, rectangular channel lined with cement plaster and set on a slope of 0.00107.
Vegetation stems were represented by 5 mm diameter steel rods set in a regular,
staggered grid pattern with centre spacings of 25 mm in both the longitudinal and
transverse directions. 7 distribution patterns were tested. All the patterns contain
the same total number of stems with the same local density and the same overall
coverage of 50% of the channel area (James et al, 2001).

For the basic channel with no stems, experiments were performed for a range of
discharges between 5 I/sand 35 I/s. For the vegetated channels, experiments were
performed for discharges from 5 I/sup to 22.5 I/s. Stage-discharge measurements
were taken for all the distribution patterns, and for the basic channel.
Longitudinal flow velocities were also measured with a miniature propeller
current meter over one cross section in the clear channels to enable the clear
channel discharges to be determined by integration. Velocities were measured at
0.2, 0.4 and 0.8 of the flow depth from the bed to enable a depth-averaged
velocity (V) to be determined. Water temperatures were also measured to enable
accurate specification of viscosity values. (All details of experimental procedure
and measurements are presented by James et al, 2001).

7.34 Composite roughness concept approach (James and M akoa, 2006)

Application of the equivalent resistance coefficient formulae presented above
(equations (7.17) to (7.20)) requires resistance coefficient values for the plaster
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bed and side boundaries of the basic channel and for the stem-water interfaces.
Manning's n for the solid boundaries (n,) was calculated from the stage-discharge
measurements in the basic channel. Values of the Darcy-Weisbach friction factor
for both solid boundaries (fp) and stem-water interfaces (fs) were also determined
from the integrated clear channel discharges and associated flow depths by an
inverse application of the side-wall correction procedure proposed by Brownlie
(1981). The corresponding values of Manning's n were then calculated from the f
values using the hydraulic radius values for the bed and interface determined by
the side-wall correction calculations.

To test the composite roughness concept, the actual values of ne were determined
directly from Manning’'s equation for the clear channels using discharges
determined by integration of the measured velocity distributions. The ne values
were also predicted using the composite roughness formulas, equations (7.17) to
(7.20). The ne values predicted using equations (7.17) to (7.20) show the same
trend with width to depth ratio as the measured data, suggesting that the variation
is explained by the composite roughness effect.

The application of the equations (7.17) to (7.20) showed that the method of Lotter
(1933) clearly exaggerates the relative influence of the bed roughness over the
entire range of conditions while the methods of Horton (1933) and Pavlovski
(1931) perform the best, with Horton’s being superior in the more realistic higher
range of width to depth ratios.

Total clear channel discharges have been predicted for al the experimental

conditions using ne from equations (7.17) to (7.20). The absolute prediction errors
arelisted in Table 7-10.
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Table 7-10 Absolute errors (%) for prediction of experimental clear channel

discharge
Absolute errors (%)
Method
maximum | minimum | average
Pavlovski
14.28 2.09 7.32
(1931)
Horton
19.60 1.96 8.68
(1933)
Colebatch’s
27.52 10.33 15.12
(1941)
L otter
215.1 70.71 122.20
(1933)

The method of Lotter (1933) is clearly unsatisfactory (as was also found by
Flintham and Carling (1991)). Colebatch’'s (1941) formula consistently
overpredicts discharge, with higher average errors than the remaining two
methods. Both the methods of Pavlovski (1931) and Horton (1933) give
satisfactory results, and there is little to choose between them. These two
methods have the added advantage that only the channel perimeter (and not the
flow ared) needs to be subdivided, obviating the necessity of attempting to define
shear-free surfaces.

All details of vegetated zone and total discharge calculations for the laboratory
experiments are presented by James et a (2001) and James and Makoa (2006).

7.3.5 Conclusions

Conveyance in channels with emergent bank vegetation can be estimated by a
zonal approach, whereby the total discharge is calculated as the sum of discharges
in the vegetated and clear channel zones, calculated separately.

Laboratory applications show that clear channel discharges can be reliably
estimated using conventional resistance equations, such as Manning’'s. The
variation of Manning's n with width to depth ratio can be attributed to the varying
proportional contributions of composite roughness components, and can be
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reliably accounted for by the Horton (1933) (equation (7.17)) and PavlovsKi
(1931) (equation (7.18)) formulae.

7.4 M odelling of Flow Resistance for Discrete Reed Patches

7.4.1 Introduction

Vegetation is one of the river features that has significant contribution to overall
flow resistance, and its prediction is therefore essential in hydraulic modelling. A
prediction method for estimating the average velocity and hydraulic resistance
within vegetation is presented in Section 7.2. Conveyance estimation for channels
with continuous emergent vegetation strips is discussed in Section 7.3. Besides
the longitudinal strips, vegetation within a channel often forms discrete,
longitudinally discontinuous patches. The influence of discrete reed patches on
overall flow resistance has been investigated (James et a, 2001) and it was found
that the resistance is strongly influenced by the overall areal coverage, and varies
significantly with the overall distribution pattern of the patches, the size and shape
of the patches, and the degree of longitudinal and transverse fragmentation. The
resistance phenomenon under such conditions is very complex, and conveyance
cannot be described by a single equation or simple procedure. Computational
modelling in two or three dimensions provides a realistic alternative approach.

In this section an attempt to model the flow resistance with discrete patches using
River2D software is presented.

7.4.2 River2D software

River2D is atwo-dimensional hydraulic and habitat simulation model, capable of
predicting values of hydraulic parameters such as depth and velocity in a spatially
explicit way. The programme is designed for both steady and unsteady flow
analyses, and the numerical solutions are obtained using finite element methods.

River2D consists of four modules that run separately:

R2D_bed - bed topography module,

R2D ice —ice cover module,
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R2D_mesh - finite element mesh module, and
River2D - flow and habitat analysis module.

River2D software and documentation are available free of charge for download

from website http://www.river2d.ualberta.cal.

Implementation of River2D for modelling in South Africa is a part of a present
Water Research Commission project K5/1508. The project will present research
related to the best use of River2D as a hydraulic analysis tool. Discussions of
modelling considerations, inputs and parameters, the sensitivity of two-
dimensional hydraulic model to these inputs and parameters, and a set of
guidelines for the use of River2D for eco-hydraulic modelling in South Africa will
be included in the final report.

7.4.3 Laboratory experiments (James et al, 2001)

Discrete vegetation patch experiments were performed in the same facility used
for the longitudinal strip experiments. The discrete patches were simulated by the
same frames (Section 7.3.3). The frames were arranged in 15 different discrete
patch distribution patterns, and numbering of the distribution patterns used here is
the same as in James et a (2001) in their Figure 8-24.

Experiments were conducted for different areal coverages. The maximum total
channel area covered by the patches was 50%, while the minimum was 12.5%.
Percentages of total area covered by patches for each pattern are listed in Table
7-11.
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Table 7-11 Per centages of total area covered by patches

Pattern | Ariacovered (%)
8 25.00
9 37.50

10 37.50
11 50.00
12 28.125
13 28.125
14 28.125
15 50.00
16 50.00
17 12.50
18 12.50
19 25.00
20 37.50
21 25.00
22 12.50

Flow depths were measured at different discharges for different patterns, and the
flow resistance in terms of Manning’s n for each measurement was calculated.
Manning's n values calculated for measured depths at a discharge of 10 I/s are
plotted against proportion of total area covered (AC) by patches for all patterns in
Figure 7-9. It is evident that resistance increases with increasing total area
covered, but it is also clear that for the same area covered it varies over a very
wide range for different patch arrangement patterns.
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Figure 7-9 Manning's n variation with proportion of total area covered by patches,

Q=101/s

The experiments to investigate resistance due to longitudinal vegetation strips
(James et al, 2001) were carried out with a total areal coverage of 50 %. The
overall resistance (Manning’'s n) values for a discharge of 10 |I/s are included in

Figure 7-10 for comparison with other patch distribution patterns with the same

areal coverage.
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Figure 7-10 Flow resistance in term of Manning's n against area cover ed by

vegetation including longitudinal strips, Q=101/s

From Figure 7-10 it can be seen that Manning's n for an areal coverage of 50 %
varies from 0.03 to 0.106, showing that overall resistance depends significantly on
the degree of fragmentation of patches and the length of stem-clear water
interface. As vegetation patches are often irregular in shape and distribution,
conveyance prediction for such channels is not smple and requires computational

modelling for adequate description.

Application of River2D model to reproduce experimental results of some of the
15 discrete patch patterns is discussed in the next section.

744 M odelling channels with discrete patches using River2D
Introduction

As mentioned above, a current Water Research Commission project (K5/1508)
related to eco-hydraulic modelling includes investigation of the applicability of
the River2D model to provide prediction of effects of vegetation on overall
resistance. The two ways of modelling flow through vegetation by the model — by
treating it either as large-scale roughness or as a porous material — have been
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investigated. It has been concluded that River2D can be used to predict the

resistance of vegetated channel with reasonable accuracy.

The following sections describe the application of River2D to discrete patch
patterns 11, 15, 16, 20 and 22.

Modelling setup

The layouts of modelled Patterns 11, 15, 16, 20 and 22 are shown in Figures 7-11,
7-12, 7-13, 7-14 and 7-15 respectively. In each case the vegetated channel has a
length of 12.00 m, awidth of 1.00 m, and a slope of 0.00107.

A mesh of 0.25 m size was set up over the whole bed, and was refined to 0.05 m
over the clear channel, spaces between the discrete patches. Modelling was
carried out for a discharge of 10 I/s only, and this value was set as a boundary

condition of inflow.

V egetation patches were modelled as:
large-scale roughness with a high value of the bed roughness ks in the
vegetation zones referred to asbed 1, and
zones of porous material, treated as groundwater flow by River2D, and
referred to as bed 2.

Figure 7-12 Layout of Pattern 15. Vegetation in Red
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Figure 7-14 Layout of Pattern 20. Vegetation in Red

Figure 7-15 Layout of Pattern 22. Vegetation in Red

L arge-scale roughness approach

Vegetation patches were modelled as areas with large-scale roughness, requiring
specification of a corresponding value of roughness size ks  Laboratory
experiments on flow resistance within vegetation (James et al, 2001) indicate
values of the Chézy resistance coefficient (used in River2D) as low as 2.7 m“%s.
The vegetation used in the laboratory experiments was very dense (with a stem
spacing of 25 mm), resulting in this very high resistance. The calculated value of
flow resistance exceeds the limit that can be specified in the River2D. Therefore
the highest permissible value of the bed roughness ks was used, and it was
expected that the modelled flow resistance might be lower than that measured.
Measured and modelled flow depths and corresponding resistance in term of
Manning's n for considered patterns are presented in Figure 7-16 and Figure 7-17
respectively. Modelled datafor this condition are labelled “bed_1".

Groundwater approach

River2D includes groundwater flow equations that can be used to model

vegetation patches as a porous material. The programme automatically switches
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from the surface flow equations to groundwater flow eguations when no water
occurs over a part of the modelled area. The vegetation patch levels were
therefore increased to above the water level so that the groundwater flow
equations would be implemented in the discrete patch regions. Modelled flow
depths and flow resistances in terms of Manning’'s n for each pattern, labelled
“bed 27, are presented in Figure 7-16 and Figure 7-17 respectively.
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Figure 7-16 M easured and modelled River 2D flow depths
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Figure 7-17 Flow resistance in term of Manning's n for measured and modelled
River2D data

Results and discussion

The results of River2D modelling for discrete vegetation patch distribution
patterns in terms of flow depth and Manning’s n resistance coefficient are shown
in Figure 7-16 and Figure 7-17 respectively. Modelling vegetation as a porous
material reproduced the measured flow depth and the resistance well for all the
patterns considered. Modelling vegetation as a surface with large-scale roughness
produced flow depths and resistance values lower than were measured; this was
expected as the true roughness exceeded the input limit of River2D. The
difference between measured and modelled values also varies between the
different patch patterns. The highest modelled error is for pattern 16, while the
modelled flow depth for pattern 22 with areal coverage of 12.50 % is about the
same as was measured. It also can be seen that the modelled error for pattern 16
is higher than for patterns 11 and 15, even though they all have the same areal
coverage of 50 %. This difference can be explained by lateral momentum
transfers caused by the vegetation patches. Pattern 16 has the largest patches, and
hence the largest in-vegetation flow areas that would not be affected by
momentum transfer and where the resistance is closest to the uninfluenced
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vegetation value; it is therefore the pattern most affected by the input limitation on

resistance coefficient.

7.4.5 Conclusions

The River2D model has been tested for prediction of flow resistance in channels
with discrete patches. Experimental data of James et al (2001) were reproduced,
and modelled and measured resistance values were compared. Discrete vegetation
patches were represented as regions of large-scale roughness with high values of
bed roughness size ks (“bed_1" model) and as regions of porous material (“bed_2”
model). Modelled results showed that the “bed 2" representation reproduced the
experimental data very well, while the “bed 1° model underestimated the
measured flow resistance. The difference in performance of two models can be
explained by the very dense vegetation used in the laboratory experiments, which
had a very high flow resistance that exceeded the limitation of the programme.
On the other hand, the “bed 2" model has an un-realistic flow through the
vegetation patches, while the “bed 1" model provides a better cross-sectional
velocity distribution.  In general, River2D can be used to predict the flow

resistance of vegetation patches with reasonable accuracy.
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8 RIVER2D APPLICATION TO FIELD DATA

8.1 Introduction

The model River2D is recommended in this report for predicting velocity and
flow depth distributions under low flow conditions. Its performance has been
demonstrated in Chapters 6 and 7 by comparison of its predictions with laboratory
data. In this chapter, its application to two field situations where appropriate data
are available is presented. Two sites, Spur Hole and Vanities Crossing, on the
Cotter River in Australia and one site, Site A, of the Driehoeks River in South
Africa were used for this application. The sites are very different in terms of
dominant river-bed substratum (Figures 8-2, 8-3 and 8-26). The Spur Hole site is
dominated by cobble and gravel substrate. Bedrock and cobble represent the
Vanities Crossing site, while Site A is characterized by a gravel bed with
vegetation patches.

8.2 Cotter River Modelling

8.2.1 Introduction

The Cotter River in Australia has been studied intensively by the Riverine
Landscapes Research Laboratory at the University of Canberra. This river
presents features and hydraulic characteristics similar to those of many South
African rivers, and is suitable for assessing the capabilities of River2D. The data
used for this application were made available by Professor Martin Thoms (pers.

comm.).

The Cotter River catchment is situated in the Brindabella Range within the
Australian Capital Territory (ACT), Australia, and occupies an area of

48,300 hectares (Figure 8-1). The river flows in a northerly direction before
joining the Murrumbidgee River approximately 72 km downstream at Cotter
Reserve. The area consists of steep slopes and rock outcrops, with granite,
limestone, siltstone and shales present. Mogt of the catchment (88%) lies within
the Namadgi National Park with land-use dominated by native forest. Plantation
forestry of predominantly pine trees occupies the lower catchment. Because the
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majority of the catchment is managed for nature conservation and protection of
water supply, the Cotter River flows through a largely unmodified area. It is an
upland boulder, cobble and gravel-bed river with a highly heterogeneous bed
topography including bedrock outcrops.
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Figure 8-1 L ocation of the Cotter River Catchment and study area (Dyer and
Thoms, 2006)

8.2.2 Selection of sites
Two sites were selected, i.e. one a Spur Hole and one a short distance
downstream from Vanities Crossing. The selected sites are shown in Figure 8-2

and Figure 8-3 respectively.

Standard techniques (Elliott et al., 1996) were used to collect data on site
topography, substrate and hydraulics. Survey markers were used to identify the
locations of the cross-sections, transect-profiles were surveyed and substrate sizes
present were visually assessed (Appendix G). The two sites were visited under
three different flows between April and June 2002 in order to collect field data

acrossthe range of discharges of prime interest to this study.
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Figure 8-3 Cotter River, Vanities Crossing Site
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823 Cross-section data

At Spur Hole, cross-sections 2, 3, 4 and 5 were surveyed relative to each other and
therefore bed heights are also relative to each other. Cross-section 1 is a ‘stand
alone’ cross-section some distance downstream from the other four, and bed
heights are not relative to other cross-sections. An arbitrary datum of 100 m was
given to the right bank marker at cross-sections 1 and 5. At Vanities Crossing, all
cross-sections are in close proximity and were surveyed relative to each other.
Therefore bed heights are also relative to each other. An arbitrary datum of 100 m
was given to the left bank marker at cross-section 5.

The bed profiles for each cross-section with the water surface levels during each
of the three surveys are illustrated in Appendix G, Figures G-1 and G-2 for Spur
Hole site and in Figures G-3 and G-4 for Vanities Crossing. Cross-sectional

surveyed and substrate data are also presented in Appendix G.

824 Flow data

The two sites were visited under three different flow conditions between April and
June 2002 in order to collect field data across the range of discharges of prime
interest to this study. During each of the three site visits, water surface elevations
were recorded. Cross-sectional water velocities and water depths were measured
at 0.5m intervals across all transects during the low and medium flow calibration
data collection, and at a limited number of cross-sections (i.e. those that could be
accessed safely) during the high flow data collection.

Table 8-1 summarises the dates when the field data were collected and the flows
(in m*s and MI/d) that were present during each of the surveys.
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Table 8-1 Flow data

Field data collection Spur Hole Vanities Crossing
me/s Mi/d me/s Mi/d
Low flow (24/4/02) 0.3427 29.6 0.3305 28.6
Medium flow (20/6/02) 1.2686 109.6 1.308 113.1
High flow (30/5/02) 2.2498 194.4 2.1118 182.5

8.2.5 River2D modelling
River2D modelling of two sites, (Spur Hole and Vanities Crossing, both on the
Cotter River) with two discharges (low and medium) (Table 8-1) were performed
by the following steps:

Processing of survey data,

Specification of bed roughness (ks),

Mesh generation,

Boundary condition specification,

Analysis, and

Evaluation of results.

M odelling approach

All survey data, at five cross-sections for each site, were linked in a “xyz” co-
ordinate system. During the field work substrate sizes were assigned at each
surveyed point. The value of the bed roughness (ks) for the surveyed points was
estimated using the Conveyance Estimation System of Wallingford Software
(2004). Resistance coefficients in term of Manning's n that they suggest (for a
flow depth of 1m) have been converted to equivalent values of roughness ks
(Hirschowitz et al, in preparation) and these were used in the model. Values of
roughness ks for different bed materials are show in Table 8-2.

Topography and bed roughness data of the considered sites were saved in a text
file using the format required by River2D. A mesh of 0.5m size was set up over
the whole bed. The upstream boundary condition was specified as a discharge,
while awater surface elevation was set up as the downstream boundary condition.
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Table 8-2 Natural bed material resistance according to Wallingford Softwar e (2004)

Bed Manning'sn (s°m™) Equivalent ks (m)
Material Typical | Minimum | Maximum | Typical | Minimum | Maximum
Bedrock 0.025 0.023 0.028 0.072 0.046 0.125
Cobbles 0.035 0.031 0.039 0.311 0.194 0.452

Coarse gravel 0.027 0.025 0.03 0.105 0.072 0.169
Gravel 0.025 0.020 0.028 0.072 0.020 0.125
Fine gravel 0.022 0.017 0.025 0.036 0.007 0.072

Sand 0.020 0.017 0.025 0.020 0.007 0.072

Silt 0.018 0.015 0.022 0.010 0.002 0.036

Clay 0.020 0.018 0.023 0.020 0.010 0.046

Peat 0.020 0.018 0.023 0.020 0.010 0.046

Earth 0.020 0.018 0.023 0.020 0.010 0.046

Spur Hole Site modelling and results

River2D steady flow modelling was performed with two discharges (0.343m’/s

and 1.27m%s). Before running the model, it is necessary to specify boundary

locations and conditions. Locations for the upstream and downstream boundaries

of the model should be cross-sections. For steady models, the upstream boundary

condition is usually specified as a flow rate, and the downstream boundary

condition is specified as a set water surface elevation.

The following locations and conditions for the upstream and downstream

boundaries were specified:

Location of the upstream boundary - 1% upstream cross-section,

Location of the downstream boundary

section,

- the last downstream cross-

Condition of the upstream boundary — Q=0.343m°/s and Q=1.27m’/s for
runs 1 and 2 respectively, and

Condition of the downstream boundary - the last downstream cross-section
water surface elevations related to Q=0.343m3/s and Q=1.27m3/s for runs
1 and 2 respectively.

A plan view of the velocity distribution for Q= 0.343m°/s is shown in Figure 8-4

as an example of River2D output results.
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Figure 8-4 Spur Hole Site, overview of velocity distribution for Q=0.343 m¥/s

More meaningful interpretations of the predictions are possible from comparison
of modelled and measured frequency distributions of velocity and depth in the
form of a histogram. Figures 8-5 and 8-6 present the histograms for sections 2, 3
and 4 for the discharge Q = 0.343m°/s. Figures 8-7 and 8-8 are for the discharge
Q=1.27m’s.

Generally, the modelled frequencies of velocity and depth reproduce the measured
values well. It also can be seen that River2D performs better in terms of depth
distribution than velocity distribution. The model did not predict occurrence of
velocities higher than 0.4mVs and 0.6nmVs for Q=0.343 and 1.27m"/s respectively
(Figures 8-6 and 8-8).
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For South African rivers, Kleynhans (1999) has recommended characterization of

hydraulic habitats for fish according to the following four velocity-depth classes.
Slow-Deep (SD): depth > 0.5m, and velocity < 0.3m/s (including deep
pools and backwaters),
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Slow-Shallow (SS): depth < 0.5m, and velocity < 0.3m/s (including
shallow pools and backwaters),

Fast-Deep (FD): depth > 0.3m, and velocity > 0.3m/s (including deep runs,
rapids and riffles), and

Fast-Shallow (FS): depth < 0.3m, and velocity > 0.3nVs (including shallow
runs, rapids and riffles).

These depth-velocity classes, together with features that provide cover for fish, are
usually used in Reserve determination studies. For further evaluation of River2D
performance, modelled and measured velocity and depth were therefore classified
into these classes. A comparison was performed for Q = 0.343m*/s and 1.27m’/s
for cross-sections 2, 3 and 4 combined. These results are plotted as depth/velocity
class frequency distributions in Figures 8-9 and 8-10 respectively. The combined
results for cross sections 2, 3 and 4 will be referred to as “cross sectional scale”
results.

From Figures 8-9 and 8-10 it can be concluded that River2D reproduces the
measured class distributions reasonably well, with better performance for a
discharge of 1.27m’/s.
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Figure 8-9 Spur Hole Site, modelled and measured frequency-depth/velocity class
distributions, for Q = 0.343m°%/s
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As aguatic scientists interest is usually related to the whole area of a site rather
than just at the surveyed cross-sections, modelled velocities and depths were
extracted in a longitudinal and transverse grid of 0.5m (the same as used in the
field for depth and velocity measurements) to show depth-velocity class
distributions over the whole modelled river bed (from cross-section 1 to cross-
section 5) of the site. Modelled depth/velocity class frequency distributions for
the two discharges, (Q = 0.343m°%s and 1.27m%/s) are shown in Figure 8-11. In

further discussions these results will be referred to as “areal scale’ results.
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From Figure 8-11 it can be seen that the modelled frequency depth/velocity class
distributions obtained at the areal scale are different from those related to the cross
sectional scale (Figures 8-9 and 8-10). For a discharge of 0.343m®/s two classes,
slow-shallow (SS) and fast-shallow (FS) are represented in the cross sectional
scale results (Figure 8-9) while with the areal scale results includes the fast-deep
(FD) class as well, with 3.3% frequency. Comparison of the results for a
discharge of 1.27m%s, Figures 8-10 and 8-11, shows that the frequencies of slow-
shallow (SS), fast-shallow (FS) and fast-deep (FD) classes are similar for both the
cross-sectional and the areal scales, while the frequency of slow-deep (SD) class
being 2.3% in the cross-sectional scale (Figure 8-10) decreased to 0.2% (too small
to be seen in Figure 8-11) in the areal scale. The differences between the two
analyses are small, and it can therefore be noted that modelled results can be
extracted a any resolution and scale depending on the questions we have to
answer.

Vanities Crossing Site modelling and results
The same approach was applied to modelled and measured data for the Vanities

Crossing Site. All results at a cross sectional scale with discharges of 0.331m°'s
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and 1.308m’/s are presented in Figures 8-12, 8-13 and 8-16, and Figures 8-14, 8-
15 and 8-17 respectively.
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From the modelled depth and velocity frequency distributions it can be seen that:

Modelled results of the depth frequency distribution with discharges of 0.331m/s

and 1.308m’/s (Figures 8-12 and 8-

14) reproduced the measured data well.

discharge of 0.331m®s the modelled result is better for a depth less than 0.5m,
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while the class of flow depth “>0.5" is not reproduced. For a discharge of
1.308m"/s all depth classes appeared, showing that model performance is better
for the higher discharge than for the lower one.

Modelled results of the velocity frequency distribution for the two discharges
show good agreement with the measured data (Figures 8-13 and 8-15). All four
classes appear in the modelled distributions. The velocity class scale is very
coarse, (smaller or bigger than 0.3 m/s) therefore it can be seen (Figures 8-13 and
8-15) that modelled and measured frequency velocity distributions at this scale

show reasonable correlation.

Measured and modelled depths and velocities were combined into depth/velocity
classes for discharges of 0.331m*s and 1.308m°/s, and are plotted in frequency

distribution form in Figures.8-16 and 8-17 respectively.
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Figure 8-16 Vanities Crossing Site, modelled and measur ed frequency-
depth/velocity class distributions for Q = 0.331m®%s
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The modelled depth/velocity class frequency distributions show good agreement
with the measured ones for dow-shallow (SS), fast-shallow (FS) and fast-deep
(FD) classes (Figures 8-16 and 8-17). However, the slow-deep class is not
represented in the modelling results.

Modelled results of depth/velocity class frequency distributions at the areal scale
for discharges of 0.331m°/s and 1.308m°/s are shown in Figure 8-18.

Comparing the cross sectional scale modelling results (Figures 8-16 and 8-17)
with the areal scale one (Figure 8-18) shows that modelled depth/velocity class
frequency distributions are similar for both scales. It aso can be noted that a
small frequency of 0.5% for the slow-deep (SD) class is represented for a
discharge of 0.331m’s.
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One cross-section approach

In the previous sections, the River2D modelling was performed using 5 surveyed
cross-sections for each site.  In South Africa, time allocated for field work
depends on the level at which a Reserve determination is to be done. For rapid
and intermediate levels, the time for ariver survey isrestricted, and insufficient to
survey as many cross-sections as are needed for confident hydraulic modelling.
Often, one cross-section with a longitudinal slope is used in hydraulic modelling.
In this section, an experiment to evaluate the use of only one cross-section in
River2D modelling is discussed. This modelling will be referred to as the “one

Cross-section” approach.

Cross-section 3 of the Spur Hole site was chosen to be tested for the one cross-
section approach. Survey data of cross-section 3, together with two additional
(the same as cross-section 3) cross-sections, one 25 m down stream and the other
35 m up stream, were linked in a“xyz” co-ordinate system. The values of the bed
roughness (k) for all surveyed points were kept the same as in the cross-section
scale modelling. The modelled bed topography and bed roughness data were
saved in a text file. A mesh of 0.3m size was used. The upstream boundary
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condition was specified as a discharge. The water surface elevation at cross-
section 3 was extended 25m downstream using the water slope for a given
discharge, and this water surface elevation was set as the downstream boundary

condition.

Modelling was performed with two discharges, Q = 0.343m%s and 1.27m’s.
Modelled flow depths and velocities were extracted for cross-section 3 and
compared with the measured values. Modelled and measured cross-sectional flow
depths for a discharge of 0.343m°/s are shown in Figure 8-19. It can be seen that
model reproduced the measured depths reasonably well.

0.50
0.40 - -

£

£ 0.30 | oW ®

o [~ Ju]

% ™ gn D.H

> 0.20 | o "nnm ]

2 . i o

L. ]
0.10 - i} o m B O ] n

a" -.DD .D.l m]
0.00 ‘ 8 "0 | ‘ ~_oCm
0 2 4 6 8 10 12 14 16 18

Distance (m)

O Modelled depth m Measured depth

Figure 8-19 Spur Hole Site, modelled and measured cross-sectional flow depth

distribution for cross section 3 with Q = 0.343m%/s

Modelled and measured flow velocities for a discharge of 0.343m?s are shown in
Figure 8-20. The modelled velocities are very different to the measured
velocities. This difference can be explained by limited river bed topography
information, resulting from the use of data for one cross-section only. The
photograph of the Spur Hole Site (Figure 8-2) shows clearly a lot of substrate
features upstream and downstream of the cross-section that would influence flow
velocity.

8-18



Chapter 8: River2D application to field data

Modelled and measured results of depth/velocity class frequency distributions for
a discharge of 0.343m’/s are shown in Figure 8-21. Only the slow-shallow (SS)
depth/velocity class was predicted to occur.

Modelling was also performed for a discharge of 1.27m%s, and the results are
shown in Figures 8-22, 8-23 and 8-24. The results showed better agreement
between modelled and measured flow depths than for flow velocities.
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Figure 8-20 Spur Hole Site, modelled and measured cross-sectional velocity

distribution for cross-section 3 for Q = 0.343m%/s
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Figure 8-24 Spur Hole Site, modelled and measur ed depth/velocity class frequency

distributions for cross-section 3 for Q = 1.27m%/s

From the above it can be seen that the one cross-section approach can be used if
appropriate field data are collected. It is important to note that the survey of a
river site for River2D modelling must be performed by somebody who has
hydraulic and River2D knowledge and expertise, somebody who understands low
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flow hydraulics phenomena, and who can identify river bed features (such as
vegetation patches, big isolated boulders or rocks) that will influence depth and
velocity distributions.  Such features must be incorporated in the riverbed
topography description, and upstream and downstream controls must be correctly
identified and included in River2D modelling.

8.3 Driehoeks River Modelling

831 Introduction

The Driehoeks River is being studied in Water Research Commission Project
K5/1403: Multi-scale Habitat Use and Movement of Freshwater Fish Speciesin a
Large River System: Implications for Dam Placement, Operation and Design.
The river has also been selected as a case study in WRC project K5/1508: Eco-
Hydraulic Modelling in River Systems. A map of the catchment of the Olifants
and Doring Rivers, showing the location of the Driehoeks River is presented in
Figure 8-25.
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Figure 8-25 The Olifants and Doring Rivers catchment and location of the
Driehoeks River

8.3.2 Field data

A site selection and data collection field trip was undertaken together with a
member of the research team of Project K5/1405 from 30 June to 11 July 2005.
Five sites were selected, named Sites 1, 2, A, B and D, surveys of bed topography
and sediment type were carried out, and comprehensive hydraulic data (845
measurements of flow depth and flow velocity) were collected. These data form
part of the set compiled for Project K5/1508 and will be included in that project’s

report. Two further field trips were carried out and comprehensive velocity and
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depth data were obtained. In this report, only Site A has been used to verify

River2D performance. The complexity of this site can be seen in Figure 8-26.

Figure 8-26 Driehoeks River Site A

8.3.3 River2D modelling

River2D modelling was performed with Q = 0.13m%s. The topography of the
river bed was modelled from the survey data. A mesh of 0.5m size was set up
over the whole bed. The bed roughness was represented by ks= 0.1 m, while all
vegetation patches were modelled with a higher ks value of 0.6 m. Modelled flow
depths and velocities are presented in Figures 8-27 and 8-28 respectively.
Measured and modelled velocities in histogram form are presented in Figure 8-29.
It can be seen (Figure 8-29) that modelled and measured frequency-velocity
distributions are very similar, confirming that River2D can be used for rivers
under low flow conditions.
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Figure 8-27 River 2D predicted flow depths at Driehoeks River Site A with Q =
0.13m*/s
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Figure 8-28 River 2D predicted flow velocities at Driehoeks River Site A with Q =
0.13m*/s
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More detailed modelling of the Driehoeks River sites is part of WRC Project
K5/1508 and will be included in that project report (Hirschowitz et al, 2007).

8.4 Conclusions

River2D modelling was performed for two gtes, Spur Hole and Vanities
Crossing, of the Cotter River in Australia and one site, Site A, of the Driehoeks
River in South Africa. The sites are very different in term of dominant river-bed
substratum containing a wide range of river-bed features such as big rocks and
vegetated patches. Modelled results of all sites showed good agreement with

measured data.

River2D output results can be present in different types of plots and can be
extracted at different resolutions in Excel format. Modelling success depends on
careful, interpretive surveys of river sites, which must be done by a hydraulics
expert with knowledge and experience in River2D modelling.  Correct
identification of the river bed features (such as vegetation patches, big isolated
boulders or rocks) that influence depth and velocity distributions, and the relevant
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upstream and downstream controls, require intuitive understanding of low flow

hydraulics phenomena.
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 Summary

I mplementation of the National Water Act in South Africa requires an ecological
Reserve to be determined for all significant resources. The ecological Reserve
determination involves an estimation of the amount of water required to maintain
the system in a particular ecological condition. It was shown in the second
chapter of this thesis that considerable efforts have been devoted over the last
decade to developing methodologies and methods for Reserve determination in
South Africa.  Each methodology regarding the Reserve determination requires
hydraulic analyses, primarily for low flow conditions. Available equations have
been reviewed (Chapter 2), and it has been concluded that they are mostly not
well-suited for application in South Africa. The primary purpose of thisthesis has
been to develop appropriate methods for describing the hydraulic characteristics
of South African rivers under conditions of low discharge required for
environmental applications. There are four areas in which this thesis has made a
contribution for the development of low flow hydraulics: (1) New methods for
resistance controlled conditions have been developed. (2) A method for predicting
velocity distributions with large-scale roughness has been proposed. (3)
Vegetation flow resistance has been investigated and three approaches for
prediction of flow resistance related to the occurrence of vegetation in rivers have
been proposed. (4) Application of the two-dimensional River2D model for
practical use in South African conditions was tested, and it is recommended for

environmental studies. These contributions are outlined in the following sections.

9.2 Prediction M ethodsfor Resistance Controlled Conditions

Conventionally, flow resistance in rivers is described using equations (such as
those of Chézy, Darcy-Weisbach and Manning) that implicitly assume the
dominant resistance phenomenon to be boundary shear stress. Such equations are
inherently unsatisfactory for low flow conditions, where the size of roughness
elements is comparable to the flow depth and resistance is dominated by form
drag. The major contribution of thisthesis is the development of new methods for
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predicting flow resistance under conditions of large- and intermediate-scale

roughness.

The new method for large-scale roughness (when the flow depth is less than the
height of the roughness elements) includes a new form of resistance equation
(equation (4.10)) and an expression for the corresponding resistance coefficient
(equation (4.16)).

Two methods for predicting flow resistance under conditions of intermediate-
scale roughness (when the flow depth is between one and four times the height of
the roughness elements), combining both roughness element drag and boundary
friction effects, have been developed.

The first method is based on the assumption that under intermediate-scale
roughness the total discharge can be considered to be the sum of the discharges

below and above the tops of the large roughness elements.

The second method combines the influences of roughness element drag and
boundary friction. It is based on the following hypothesis:

If the flow is deep and the relative submergence is greater than four, then
boundary friction dominates, and the velocity can be calculated by
equation (2.4).

If the relative submergence is less than or equal to one, flow resistance is
dominated by the drag of roughness elements, and the proposed large-
scale equation (4.10) should then be used.

With increasing relative submergence from one to four, the dominant
resisting effect changes from element drag to friction, and both drag and
friction effects therefore contribute to flow resistance but with varying
relative importance.

Equation (4.30) has been developed for flow resistance under
intermediate-scale roughness.

The new methods present an advance on current practice by explicitly accounting
for the distinctly different resistance phenomena encountered under small- and
large-scale roughness conditions. Their rational basis gives them greater
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generality and reduces reliance on case-specific calibration of resistance

coefficients using inappropriate equation forms.

9.3 Prediction Methods for Velocity Distributions with Large-Scale
Roughness
The gpatial distributions of local flow depth and velocity in a river reach are
important determinants of habitat suitability. Experimental investigation (Chapter
5) has demonstrated that the distributions are highly dependent on discharge and
whether the flow is controlled by general distributed resistance or multiple local
occurrences of critical flow, with greater diversity produced by the multiple local
control condition. Statistical approaches exist for predicting depth and velocity
distributions, but their development and application does not distinguish between
the resistance controlled and the multiple local control conditions. The use of
statistical descriptions based on field data must therefore be used with caution and
cognizance must be taken of their sensitivity to channel bed geometry and flow
conditions. The statistical representation of distributions is also sensitive to the
scale and resolution of both the collection and presentation of data. During this
investigation, the River2D model has been tested for suitability in predicting
velocity distributions for resistance controlled conditions and the trans-critical
flow associated with multiple local controlled conditions (Chapter 6). It has been
shown that River2D can describe multiple local control conditions realistically,
and trans-critical flows in particular, and its therefore provides a potentially more

reliable approach.

94 Prediction M ethods for Vegetated Channels

Conventional resistance equations are not applicable for vegetated channels.
Alternative practical conveyance prediction methods are proposed for three
situations pertaining to the occurrence of vegetation in rivers and wetlands. The
methods represent three different levels of complexity, viz. flow through
extensive emergent vegetation, flow in channels with emergent vegetation

boundaries, and flow in channels with discrete vegetation patches (Chapter 7).
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Flow through extensive and effectively uniform emergent vegetation is the
simplest situation, and requires the simplest solution — application of a single
resistance equation. A practical equation is proposed for emergent, reed-type
vegetation. This equation has a different form from the conventional resistance
equations, reflecting the dominant role of stem drag rather than boundary shear
stress. Equations and a graph for estimating the required drag coefficient have
also been developed. A simple procedure using the equations is proposed for
practical stage-discharge determination for waterways with emergent vegetation.
The practical procedure has already been published (Jordanova et al, 2006).

Flow in channels with emergent vegetated banks represents the next level of
complexity. The effect on flow resistance of transverse fragmentation of
vegetation into longitudinal strips was demonstrated and elucidated by James et al
(2001). Thissituation cannot be described realistically by a single equation, and a
zonal approach where conveyances in the vegetated and unvegetated zones are
calculated separately using appropriate equations proposed by James and Makoa
(2006), can be used. The effect of the interaction between the zones on the clear
channel flow is accounted by well-established composite roughness equations,
requiring specification of a resistance coefficient for the interface. Laboratory
application shows that clear channel discharges can be reliably estimated using
conventional resistance equations, such as Manning’'s. The variation of
Manning’'s n with width to depth ratio can be attributed to the varying
proportional contributions of composite roughness components, and can be
reliably accounted for by the Horton (1933) and Paviovski (1931) formulae. It
should be noted that this approach was not developed as part of thisthesis.

The third level of complexity occurs when vegetation is fragmented longitudinally
as well as transversely. The distribution pattern of vegetation patches, as well as
the overall areal coverage, has a significant influence on flow resistance. This
situation cannot be described by hand-calculation based methods, and recourse
must be made to computational modelling. The two-dimensional model River2D
was tested against the extensive laboratory data on flow in channels with
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fragmented vegetation patches. It is concluded that flow in ariver with vegetation
patches can be satisfactorily modelled by River2D.

9.5 Application of River2D Model for Rivers under Low Flow
Conditions

The River2D model has been applied to the Cotter River (Australia) and the
Driehoeks River (South Africa) (Chapter 8). Theriversare very different in terms
of dominant river-bed substratum, containing a wide range of riverbed features
such as big rocks and vegetation patches. The applications showed that complex
bed geometry can be modelled by R2D_Bed, providing good agreement with
measured data. It has also been shown that River2D can predict velocity
frequency distributions reliably under large-scale roughness conditions.

In South Africa, time allocated for field work depends on the level at which a
Reserve determination is to be done. For rapid and intermediate levels, the time
for ariver survey is restricted, and insufficient to survey as many cross-sections as
are needed for confident hydraulic modelling. Often, one cross-section with a
longitudinal slope is used in hydraulic modelling. The River2D model has been
applied to evaluate the use of one cross-section of field data only. Modelling
results showed that for limited data River2D can be used if required field data are
collected.

9.6 Recommendations for further research

This thesis has produced complete and usable methods for predicting low flow
conditions in rivers. As with all existing methods that rely wholly or partly on
empiricism, their generality and reliability could be enhanced by extending the
data base underlying the empirical content. Mot of the relationships presented in
this thesis are based on laboratory data, and further field confirmation would be
valuable.

Flow in rivers with large roughness elements has been inadequately studied in the
field, except for steep mountain streams which present rather different hydraulic
phenomena to those in the riffle situations that are important in South African
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applications. Field-based investigations would be valuable to test and refine the
approaches presented for predicting resistance under intermediate- and large-scale
conditions. In particular, it would be useful to be able to recommend a percentile
bed material size to define the roughness size, and to assess the contribution of the
relatively small material between the largest elements to overall resistance.
Surprisingly, even relationships for resistance in terms of bed characteristics
under small-scale roughness conditions are limited and unreliable; a reassessment
of currently used equations and a detailed laboratory and field study of
appropriate coefficients would be valuable.

Under low flow conditions the flow is controlled by general distributed resistance
or multiple local occurrences of critical flow. Further investigation is required to
enable the resistance controlled and the multiple local control conditions to be
distinguished.

The method for predicting vegetation resistance depends on knowledge of the
stem drag coefficient. It would be useful to carry out extensive measurements to
relate the coefficient directly to vegetation morphological characteristics. Further
field data for quantifying the resistance coefficient of vegetated bank boundaries
directly, or developing a method for its estimation would be valuable.

Most guidelines for estimating resistance coefficients do so in terms of equations
(such as those of Chézy, Darcy-Weisbach and Manning) that implicitly assume
boundary shear to be the dominant resisting influence. In many situations,
particularly with low flows, the resistance is dominated by form drag, and the
equation form presented for vegetation and the large-scale roughness condition is
more appropriate. Reinterpretation of existing guidelines in terms of this form
would reduce the uncertainty of resistance coefficient estimation significantly.
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Table A-1 Flume B experimental data

Flume B
Series 1 Experiments

Hemisphere radius (m) height (m)
0.047 0.029
Q y_measured Covered area
Test (cumecs) (m) (%) y/h Slope
111 0.0152 0.178 82 6.1 0.0011
112 0.0094 0.133 82 4.6 0.0011
113 0.0053 0.105 82 3.6 0.0011
114 0.0039 0.092 82 3.2 0.0011
115 0.0018 0.070 82 24 0.0011
116 0.0006 0.050 82 17 0.0011
117 0.0004 0.042 82 14 0.0011
121 0.0055 0.083 82 29 0.0021
122 0.0022 0.061 82 21 0.0021
123 0.0004 0.038 82 13 0.0021
124 0.0109 0.117 82 4.0 0.0021
1.25 0.0152 0.137 82 4.7 0.0021
131 0.0014 0.066 47 2.3 0.0011
132 0.0033 0.094 47 3.2 0.0011
133 0.0089 0.147 47 5.1 0.0011
134 0.0148 0.187 47 6.4 0.0011
135 0.0042 0.104 47 3.6 0.0011
141 0.0009 0.054 30 18 0.0011
142 0.0043 0.103 30 3.6 0.0011
143 0.0096 0.153 30 5.3 0.0011
144 0.0159 0.199 30 6.8 0.0011
151 0.0139 0.180 22 6.2 0.0011
152 0.0091 0.142 22 4.9 0.0011
153 0.0040 0.094 22 3.2 0.0011
154 0.0004 0.037 22 13 0.0011
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Figure A-2 Series 1, Test 3

Figure A-3 Series 1, Test 4

Figure A-4 Series 1, Test 5
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Table B-1 Flume C, Series 2.1 experiments

Flume C
Series 2.1 Experiments
Bed Slope 0.001
radius height
Big Hemisphere
(BH) 0.058 0.062
Small Hemisphere
(SH) 0.027 0.0286
No No
Patterns Q (cumecs) | y_measured (m) BH/m SH/m | y/h (BH) | y/h (SH)
Pattern 1 (BH) 0.0027 0.025 28 0 0.40 0
0.0042 0.036 28 0 0.58 0
0.0069 0.048 28 0 0.77 0
0.0095 0.055 28 0 0.89 0
0.0119 0.064 28 0 1.03 0
0.0174 0.074 28 0 1.19 0
Pattern 2 (BH+SH) 0.0012 0.020 28 26 0.32 0.70
0.0018 0.026 28 26 0.42 0.91
0.0026 0.031 28 26 0.50 1.08
0.0043 0.042 28 26 0.68 1.47
0.0093 0.062 28 26 1.00 2.17
0.0125 0.069 28 26 111 241
Pattern 3 (BH+SH) 0.0029 0.028 28 20 0.45 0.98
0.0045 0.035 28 20 0.56 122
0.0066 0.045 28 20 0.73 157
0.0098 0.061 28 20 0.98 213
0.0145 0.073 28 20 1.18 2.55
0.0214 0.080 28 20 1.29 2.80
Pattern 4 (BH+SH) 0.0020 0.020 28 18 0.32 0.70
0.0035 0.030 28 18 0.48 1.05
0.0076 0.045 28 18 0.73 157
0.0102 0.055 28 18 0.89 192
0.0149 0.070 28 18 1.13 2.45
0.0257 0.085 28 18 1.37 2.97
Pattern 5 (BH+SH) 0.0018 0.020 28 24 0.32 0.70
0.0028 0.026 28 24 0.42 0.91
0.0075 0.047 28 24 0.76 1.64
0.0145 0.069 28 24 111 241
0.0200 0.075 28 24 121 2.62
0.0214 0.081 28 24 131 2.83
0.0247 0.082 28 24 1.32 2.87
Pattern 6 (BH) 0.0032 0.025 28 0 0.40 0
0.0075 0.043 28 0 0.69 0
0.0138 0.065 28 0 1.05 0
0.0220 0.080 28 0 1.29 0
0.0273 0.085 28 0 1.37 0
Pattern 7 (SH) 0.0070 0.029 0 28 0 1.01
0.0100 0.035 0 28 0 122
0.0129 0.039 0 28 0 1.36
0.0171 0.043 0 28 0 1.50
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0.0217 0.050 0 28 0 175
0.0276 0.055 0 28 0 1.92
Pattern 8 (SH) 0.0053 0.025 0 26 0 0.87
0.0088 0.032 0 26 0 112
0.0145 0.040 0 26 0 1.40
0.0238 0.052 0 26 0 1.82
0.0283 0.056 0 26 0 1.96

Figure B-3 Pattern 3
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Figure B-4 Pattern 4

Figure B-5 Pattern 5

Figure B-6 Pattern 6

Figure B-7 Pattern 7
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Figure B-8 Pattern 8
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Table C-1 Flume C Series 2.2 experiments

Flume C Experiments
Series 2.2 Experiments

Bed Slope H1 radius H1 height H2 radius H2 height H3 radius H3 height

0.0005 0.054 0.054 0.036 0.036 0.023 0.023
Q y_measured No No No y/h y/h y/h
Spacing (m) (cumecs) (m) Hl/m | H2m | H3/m | (H1) | (H2) | (H3)

Pattern 1 0.0006 0.0319 116 0 0 0.59 0 0

H1 0.0012 0.0495 116 0 0 0.92 0 0

spacing 0.125m 0.0016 0.0552 116 0 0 1.02 0 0

0.0029 0.0643 116 0 0 1.19 0 0

0.0119 0.1012 116 0 0 1.87 0 0

0.0311 0.1452 116 0 0 2.69 0 0

0.0417 0.1698 116 0 0 3.14 0 0

0.0557 0.1894 116 0 0 3.51 0 0

Pattern 2 0.0011 0.024 47.5 0 0 0.45 0 0

H1 0.0016 0.035 47.5 0 0 0.64 0 0

spacing 0.200m 0.0019 0.039 47.5 0 0 0.72 0 0

0.0033 0.055 47.5 0 0 101 0 0

0.0042 0.058 47.5 0 0 1.07 0 0

0.0071 0.066 47.5 0 0 1.22 0 0

0.0187 0.093 47.5 0 0 1.72 0 0

0.0206 0.099 47.5 0 0 1.83 0 0

0.0344 0.126 47.5 0 0 233 0 0

0.0475 0.148 47.5 0 0 273 0 0

0.0547 0.164 47.5 0 0 3.04 0 0

Pattern 3 0.0552 0.129 26 0 0 2.39 0 0

H1 0.0468 0.122 26 0 0 2.25 0 0

spacing 0.300m 0.0246 0.091 26 0 0 1.68 0 0

0.0160 0.071 26 0 0 131 0 0

0.0137 0.067 26 0 0 124 0 0

0.0082 0.059 26 0 0 1.08 0 0

0.0050 0.044 26 0 0 0.81 0 0

0.0034 0.034 26 0 0 0.62 0 0

0.0020 0.023 26 0 0 0.42 0 0

Pattern 4 0.0552 0.121 14 0 0 224 0 0

H1 0.0333 0.092 14 0 0 171 0 0

spacing 0.400m 0.0140 0.060 14 0 0 1.10 0 0

0.0072 0.046 14 0 0 0.86 0 0

0.0027 0.023 14 0 0 0.43 0 0

Pattern 5 0.0552 0.107 0 14 0 0 2.98 0

H2 0.0322 0.080 0 14 0 0 221 0

spacing 0.400m 0.0066 0.036 0 14 0 0 1.00 0

0.0032 0.023 0 14 0 0 0.65 0

Pattern 6 0.06 0.13 0 47.5 0 0 3.52 0

H2 0.0360 0.100 0 47.5 0 0 2.78 0

spacing 0.200m 0.01 0.05 0 47.5 0 0 1.52 0

0.0028 0.034 0 47.5 0 0 0.95 0

Pattern 7 0.0552 0.149 0 116 0 0 4.14 0

H2 0.0360 0.125 0 116 0 0 348 0

spacing 0.125m 0.0088 0.066 0 116 0 0 1.84 0

0.0041 0.050 0 116 0 0 1.38 0
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Pattern 8 0.0547 0.164 475 | 475 0 3.04 | 457 0
H1 and H2 0.0358 0.132 475 | 475 0 245 | 3.68 0
spacing 0.200m 0.0187 0.102 475 | 475 0 1.89 | 2.83 0
0.0080 0.074 475 | 475 0 137 | 2.05 0
0.0043 0.060 475 | 475 0 1.10 | 1.65 0
0.0029 0.054 475 | 475 0 0.99 | 1.49 0
0.0022 0.046 475 | 475 0 0.85 | 1.28 0
0.0015 0.038 475 | 475 0 0.70 | 1.05 0
0.0007 0.020 475 | 475 0 0.37 | 0.56 0
Pattern 9 0.0008 0.020 475 0 475 | 0.37 0 0.88
H1 and H3 0.0019 0.039 475 0 475 | 0.72 0 1.69
spacing 0.200m 0.0048 0.062 475 0 475 | 114 0 2.69
0.0112 0.081 475 0 475 | 150 0 352
0.0302 0.124 475 0 475 | 2.30 0 5.39
0.0434 0.145 475 0 475 | 2.69 0 6.30
Pattern 10 0.0552 0.137 26 19.5 0 254 | 381 0
H1 and H2 0.0283 0.098 26 19.5 0 181 | 2.72 0
spacing 0.300m 0.0179 0.081 26 19.5 0 150 | 2.25 0
0.0114 0.066 26 19.5 0 123 | 184 0
0.0089 0.059 26 19.5 0 1.09 | 163 0
0.0051 0.049 26 19.5 0 091 | 137 0
0.0033 0.040 26 19.5 0 074 | 111 0
0.0014 0.024 26 19.5 0 044 | 0.66 0
Pattern 11 0.0552 0.131 26 0 195 | 243 0 5.70
H1 and H3 0.0193 0.076 26 0 195 | 141 0 3.32
spacing 0.300m 0.0121 0.066 26 0 195 | 1.22 0 2.87
0.0052 0.047 26 0 195 | 0.87 0 2.03
0.0028 0.033 26 0 195 | 0.61 0 1.42
0.0020 0.026 26 0 195 | 047 0 111
Pattern 12 0.0037 0.031 135 9 0 0.57 | 0.86 0
H1 and H2 0.0063 0.047 135 9 0 0.88 | 1.31 0
spacing 0.400 (1) 0.0333 0.100 135 9 0 1.85 | 2.78 0
0.0552 0.129 135 9 0 238 | 357 0
Pattern 13 0.0552 0.131 13.5 9 0 243 | 364 0
H1 and H2 0.0316 0.100 135 9 0 1.84 | 276 0
spacing 0.400 (2) 0.0070 0.053 135 9 0 098 | 1.46 0
0.0045 0.040 135 9 0 075 | 112 0
0.0025 0.027 135 9 0 051 | 0.76 0
Pattern 14 0.0557 0.136 0 475 | 475 0 3.78 | 592
H3 0.0348 0.104 0 475 | 475 0 290 | 453
spacing 0.200m 0.0073 0.052 0 475 | 475 0 144 | 2.26
0.0036 0.036 0 475 | 475 0 101 | 158
Pattern 15 0.0004 0.043 162 0 0 0.78 0 0
H1 0.0018 0.059 162 0 0 1.07 0 0
spacing 0.110m 0.0015 0.058 162 0 0 1.06 0 0
0.0011 0.054 162 0 0 0.99 0 0
0.0033 0.068 162 0 0 1.23 0 0
0.0103 0.098 162 0 0 1.78 0 0
0.0250 0.127 162 0 0 2.30 0 0
0.0012 0.055 162 0 0 1.00 0 0
Pattern 16 0.0016 0.057 136 0 0 1.04 0 0
H1 0.0012 0.052 136 0 0 0.95 0 0
spacing 0.110/0.125m 0.0006 0.04 136 0 0 0.74 0 0
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0.0099 0.09 136 0 0 164 0 0

0.0214 0.117 136 0 0 213 0 0

0.0014 0.055 136 0 0 1.00 0 0

Pattern 17 0.0009 0.041 90 0 0 0.74 0 0

H1 0.0006 0.031 90 0 0 0.56 0 0

spacing 0.110/0.167m 0.0018 0.055 90 0 0 0.99 0 0
0.0078 0.082 90 0 0 1.48 0 0

Figure C-2 Pattern 2 - H 1 spacing 0.200 m
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Figure C-5 Pattern 5- H 2 spacing 0.400 m
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Figure C-8 Pattern 8- H 1 and H 2 spacing 0.200 m
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Figure C-11 Pattern 11 - H1 and H 3 spacing 0.300 m
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Figure C-14 Pattern 14 - H 3 spacing 0.200m
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H1 spacing 0.110m

Figure C-15 Pattern 15

H1 spacing cross-sectional 0.110m, longitudinal 0.125m

Figure C-16 Pattern 16 -
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longitudinal 0.167m

Figure C-17 Pattern 17 - H1 spacing cross-sectional 0.110m
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Table D-1 Measured velocities around a hemisphere (Q=3.01/s)

Measured point x (m) y (m) vel (cm/s) | vel (m/s)
1.1 0.01 0.01 2.81 0.028
2.1 0.01 0.03 3.28 0.033
3.1 0.01 0.05 4.73 0.047
4.1 0.01 0.07 3.59 0.036
5.1 0.01 0.09 4.98 0.050
1.2 0.03 0.01 2.96 0.030
2.2 0.03 0.03 3.17 0.032
3.2 0.03 0.05 3.82 0.038
4.2 0.03 0.07 5.09 0.051
5.2 0.03 0.09 4.04 0.040
1.3 0.05 0.01 0.71 0.007
23 0.05 0.03 4.33 0.043
3.3 0.05 0.05 4.47 0.045
4.3 0.05 0.07 5.48 0.055
5.3 0.05 0.09 2.64 0.026
1.4 0.07 0.01 472 0.047
2.4 0.07 0.03 4.49 0.045
34 0.07 0.05 3.76 0.038
4.4 0.07 0.07 6.24 0.062
25 0.09 0.03 5.17 0.052
35 0.09 0.05 5.48 0.055
2.6 0.11 0.03 5.562 0.055
3.6 0.11 0.05 5.25 0.053
1.7 0.13 0.01 5.68 0.057
2.7 0.13 0.03 5.25 0.053
3.7 0.13 0.05 5.37 0.054
4.7 0.13 0.07 6.39 0.064
1.8 0.15 0.01 1.59 0.016
2.8 0.15 0.03 5.44 0.054
3.8 0.15 0.05 5.92 0.059
4.8 0.15 0.07 5.68 0.057
5.8 0.15 0.09 1.22 0.012
1.9 0.17 0.01 5.66 0.057
2.9 0.17 0.03 5.29 0.053
3.9 0.17 0.05 5.65 0.056
49 0.17 0.07 4.76 0.048
5.9 0.17 0.09 1.95 0.020

1.10 0.19 0.01 4.97 0.050
2.10 0.19 0.03 5.19 0.052
3.10 0.19 0.05 458 0.046
4.10 0.19 0.07 5.32 0.053
5.10 0.19 0.09 3.44 0.034
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Table D-2 Measured velocities at longitudinal section 1

Vertical position Vel ocity (x) Veocity (y)
Total velocity | Average(X) | Averagetota
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
Measured point 1.1
0 0 0 0
0.01 0.0552 -0.0083 0.0558
0.02 0.0567 -0.0064 0.0571
0.03 0.0826 -0.0020 0.0826
0.04 0.1326 0.0031 0.1326
0.05 0.1533 0.0046 0.1534
0.06 0.1589 0.0053 0.1590
0.07 0.1645 0.0077 0.1647
0.083 0.1701 0.1704
0.1120 0.1122
Measured point 1.2
0 0 0 0
0.01 0.0194 -0.0031 0.0196
0.02 0.0177 -0.0022 0.0178
0.03 0.0993 -0.0021 0.0993
0.04 0.1261 0.0021 0.1261
0.05 0.1458 0.0037 0.1458
0.06 0.1521 0.0068 0.1523
0.07 0.1676 0.0082 0.1678
0.083 0.1831 0.1833
0.1043 0.1044
Measured point 1.3
0 0 0 0
0.01 0.0744 0.0058 0.0746
0.02 0.0790 -0.0014 0.0790
0.03 0.1075 0.0022 0.1075
0.04 0.1258 0.0008 0.1258
0.05 0.1465 0.0032 0.1465
0.06 0.1576 0.0072 0.1578
0.07 0.1596 0.0052 0.1597
0.083 0.1616 0.1616
0.1183 0.1183
Measured point 1.4
0 0 0 0
0.01 0.0912 0.0019 0.0912
0.02 0.1054 -0.0035 0.1055
0.03 0.1150 -0.0013 0.1150
0.04 0.1375 0.0019 0.1375
0.05 0.1510 0.0046 0.1511
0.06 0.1557 0.0054 0.1558
0.07 0.1650 0.0072 0.1652
0.083 0.1743 0.1745
0.1275 0.1276
Measured point 1.5
0 0 0 0
0.01 0.1059 0.0079 0.1062
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Vertical position Vel ocity (x) Veocity (y)
Total velocity | Average(X) | Averagetota
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0.02 0.1106 0.0021 0.1106
0.03 0.1244 0.0026 0.1244
0.04 0.1380 0.0048 0.1381
0.05 0.1492 0.0075 0.1494
0.06 0.1674 0.0045 0.1675
0.07 0.1600 0.0051 0.1601
0.083 0.1600 0.1527
0.1313 0.1311
Measured point 1.6
0 0 0 0
0.01 0.0990 0.0900 0.1338
0.02 0.1149 0.0034 0.1150
0.03 0.1257 0.0050 0.1258
0.04 0.1418 0.0047 0.1419
0.05 0.1519 0.0083 0.1521
0.06 0.1631 0.0061 0.1632
0.07 0.1666 0.0085 0.1668
0.083 0.1701 0.1704
0.1326 0.1385
Measured point 1.7
0 0 0 0
0.01 0.1031 0.0094 0.1035
0.02 0.1175 0.0021 0.1175
0.03 0.1377 0.0022 0.1377
0.04 0.1415 0.0069 0.1417
0.05 0.1509 0.0066 0.1510
0.06 0.1652 0.0046 0.1653
0.07 0.1673 0.0073 0.1675
0.083 0.1694 0.1697
0.1356 0.1357
Measured point 1.8
0 0 0 0
0.01 0.1168 0.0060 0.1170
0.02 0.1198 0.0088 0.1201
0.03 0.1316 0.0068 0.1318
0.04 0.1452 0.0047 0.1453
0.05 0.1475 0.0075 0.1477
0.06 0.1624 0.0090 0.1626
0.07 0.1686 0.0083 0.1688
0.083 0.1748 0.1750
0.1370 0.1372
Measured point 1.9
0 0 0 0
0.01 0.10375 0.0003 0.1038
0.02 0.118 0.0013 0.1180
0.03 0.131 0.0069 0.1312
0.04 0.1447 0.0058 0.1448
0.05 0.1539 0.0053 0.1540
0.06 0.1552 0.0081 0.1554




Appendix D

Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetota
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0.07 0.1651 0.0096 0.1654
0.083 0.1750 0.1753
0.1344 0.1345
Measured point 1.10
0 0 0 0
0.01 0.0907 0.0056 0.0909
0.02 0.1162 0.0053 0.1163
0.03 0.1288 0.0048 0.1289
0.04 0.135 0.0073 0.1352
0.05 0.1466 0.0089 0.1469
0.06 0.1565 0.0091 0.1568
0.07 0.1635 0.0095 0.1638
0.083 0.1705 0.1708
0.1293 0.1295
Table D-3 Measur ed velocities at longitudinal section 2
Vertical position Veocity (x) Veocity (y) Average (X)
Total velocity Average total
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
Measured point 2.1
0 0 0 0
0.01 0.0962 -0.0109 0.0968
0.02 0.1063 -0.0125 0.1070
0.03 0.1297 -0.0065 0.1299
0.04 0.1484 -0.0042 0.1485
0.05 0.1576 -0.0012 0.1576
0.06 0.1607 0.0019 0.1607
0.07 0.1623 0.0044 0.1624
0.083 0.1639 0.1640
0.1324 0.1326
Measured point 2.2
0 0 0 0
0.01 0.0821 -0.0022 0.0821
0.02 0.1126 -0.0075 0.1128
0.03 0.1323 -0.0056 0.1324
0.04 0.1397 -0.0041 0.1398
0.05 0.1518 0.0011 0.1518
0.06 0.1555 0.0034 0.1555
0.07 0.1629 0.0025 0.1629
0.083 0.1703 0.1703
0.1293 0.1293
Measured point 2.3
0 0 0 0
0.01 0.1034 -0.0107 0.1040
0.02 0.1128 -0.0079 0.1131
0.03 0.1299 -0.005 0.1300
0.04 0.1437 -0.0027 0.1437
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Vertical position Ve ocity (x) Veocity (y) Average (x)
Total velocity Average total
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0.05 0.1502 0.0015 0.1502
0.06 0.1601 0.0034 0.1601
0.07 0.1668 0.0039 0.1668
0.083 0.1735 0.1736
0.1337 0.1338
Measured point 2.4
0 0 0 0
0.01 0.0932 -0.004 0.0933
0.02 0.1162 -0.0098 0.1166
0.03 0.1387 -0.0047 0.1388
0.04 0.1489 -0.0042 0.1490
0.05 0.1549 -0.0001 0.1549
0.06 0.1624 0.0026 0.1624
0.07 0.1703 0.0077 0.1705
0.083 0.1782 0.1785
0.1359 0.1360
Measured point 2.5
0 0 0 0
0.01 0.1249 -0.0036 0.1250
0.02 0.1223 -0.0058 0.1224
0.03 0.1384 -0.0014 0.1384
0.04 0.1543 -0.0023 0.1543
0.05 0.162 0.0001 0.1620
0.06 0.1665 0.0051 0.1666
0.07 0.1687 0.0033 0.1687
0.083 0.1709 0.1709
0.1430 0.1431
Measured point 2.6
0 0 0 0
0.01 0.1217 -0.0006 0.1217
0.02 0.1335 0.0005 0.1335
0.03 0.1417 -0.0023 0.1417
0.04 0.1573 -0.0003 0.1573
0.05 0.161 0.0054 0.1611
0.06 0.1644 0.0048 0.1645
0.07 0.1715 0.0061 0.1716
0.083 0.1786 0.1787
0.1447 0.1447
Measured point 2.7
0 0 0 0
0.01 0.1125 0.0076 0.1128
0.02 0.1311 0.0043 0.1312
0.03 0.1498 0.0035 0.1498
0.04 0.1552 0.0023 0.1552
0.05 0.1626 0.0065 0.1627
0.06 0.1698 0.0057 0.1699
0.07 0.1683 0.0087 0.1685
0.083 0.1668 0.1672
0.1438 0.1440
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Vertical position Ve ocity (x) Veocity (y) Average (x)
Total velocity Average total
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
Measured point 2.8
0 0 0 0
0.01 0.1049 0.0069 0.1051
0.02 0.1309 0.008 0.1311
0.03 0.1454 0.0076 0.1456
0.04 0.1525 0.0051 0.1526
0.05 0.1619 0.0071 0.1621
0.06 0.1643 0.0104 0.1646
0.07 0.1689 0.01 0.1692
0.083 0.1735 0.1738
0.1414 0.1416
Measured point 2.9
0 0 0 0
0.01 0.1068 0.0113 0.1074
0.02 0.1131 0.011 0.1136
0.03 0.1378 0.0095 0.1381
0.04 0.1524 0.0068 0.1526
0.05 0.1555 0.0102 0.1558
0.06 0.1609 0.0101 0.1612
0.07 0.1687 0.0085 0.1689
0.083 0.1765 0.1766
0.1377 0.1380
Measured point
2.10
0 0 0 0
0.01 0.1035 0.0083 0.1038
0.02 0.1226 0.0125 0.1232
0.03 0.1323 0.0098 0.1327
0.04 0.1467 0.0075 0.1469
0.05 0.1545 0.0101 0.1548
0.06 0.1567 0.0105 0.1571
0.07 0.1651 0.0116 0.1655
0.083 0.1735 0.1740
0.1353 0.1357
Table D-4 Measured velocities at longitudinal section 3
Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
Measured point 3.1
0 0 0 0
0.01 0.0873 -0.0057 0.0875
0.02 0.1187 -0.0062 0.1189
0.03 0.1411 -0.0058 0.1412
0.04 0.1487 -0.0032 0.1487
0.05 0.155 -0.0005 0.1550
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Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0.06 0.1643 0.0011 0.1643
0.07 0.1684 0.004 0.1684
0.083 0.1725 0.1726
0.1351 0.1352
Measured point 3.2
0 0 0 0
0.01 0.0896 -0.0044 0.0897
0.02 0.118 -0.0075 0.1182
0.03 0.1404 -0.0043 0.1405
0.04 0.1511 -0.0033 0.1511
0.05 0.1561 0.0001 0.1561
0.06 0.1627 0.003 0.1627
0.07 0.1658 0.0021 0.1658
0.083 0.1689 0.1689
0.1350 0.1351
Measured point 3.3
0 0 0 0
0.01 0.0824 -0.0037 0.0825
0.02 0.1181 -0.009 0.1184
0.03 0.1396 -0.0076 0.1398
0.04 0.1488 -0.0058 0.1489
0.05 0.1529 -0.0009 0.1529
0.06 0.1583 0.0011 0.1583
0.07 0.164 0.0027 0.1640
0.083 0.1697 0.1697
0.1323 0.1324
Measured point 3.4
0 0 0 0
0.01 0.1079 -0.0153 0.1090
0.02 0.1119 -0.0113 0.1125
0.03 0.1424 -0.0076 0.1426
0.04 0.1535 -0.0066 0.1536
0.05 0.1558 -0.0003 0.1558
0.06 0.1659 0.0022 0.1659
0.07 0.17 0.0011 0.1700
0.083 0.1741 0.1741
0.1392 0.1395
Measured point 3.5
0 0 0 0
0.01 0.1207 -0.013 0.1214
0.02 0.1368 -0.0122 0.1373
0.03 0.1488 -0.0094 0.1491
0.04 0.1579 -0.0047 0.1580
0.05 0.1629 -0.0016 0.1629
0.06 0.1671 0.0005 0.1671
0.07 0.1731 0.0069 0.1732
0.083 0.1791 0.1794
0.1469 0.1471
Measured point 3.6
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Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0 0 0 0
0.01 0.1346 -0.0006 0.1346
0.02 0.1455 -0.0023 0.1455
0.03 0.1593 -0.0046 0.1594
0.04 0.165 -0.0009 0.1650
0.05 0.1661 0.0014 0.1661
0.06 0.1684 0.0049 0.1685
0.07 0.1755 0.0061 0.1756
0.083 0.1826 0.1827
0.1534 0.1535
Measured point 3.7
0 0 0 0
0.01 0.125 0.0153 0.1259
0.02 0.1387 0.0073 0.1389
0.03 0.1573 0.0041 0.1574
0.04 0.1588 0.0023 0.1588
0.05 0.1651 0.0078 0.1653
0.06 0.169 0.0078 0.1692
0.07 0.1737 0.01 0.1740
0.083 0.1784 0.1788
0.1498 0.1501
Measured point 3.8
0 0 0 0
0.01 0.116 0.0231 0.1183
0.02 0.1426 0.015 0.1434
0.03 0.1513 0.0131 0.1519
0.04 0.1574 0.0091 0.1577
0.05 0.1641 0.0096 0.1644
0.06 0.1695 0.0074 0.1697
0.07 0.1751 0.0109 0.1754
0.083 0.1807 0.1812
0.1477 0.1484
Measured point 3.9
0 0 0 0
0.01 0.1093 0.0196 0.1110
0.02 0.1184 0.0172 0.1196
0.03 0.1493 0.0144 0.1500
0.04 0.1522 0.0098 0.1525
0.05 0.1581 0.0115 0.1585
0.06 0.1681 0.0114 0.1685
0.07 0.1687 0.0095 0.1690
0.083 0.1693 0.1694
0.1412 0.1419
Measured point
3.10
0 0 0 0
0.01 0.1067 0.018 0.1082
0.02 0.1193 0.0154 0.1203
0.03 0.1378 0.0156 0.1387
0.04 0.15 0.0116 0.1504




Appendix D

Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0.05 0.1537 0.011 0.1541
0.06 0.1611 0.0121 0.1616
0.07 0.1689 0.0105 0.1692
0.083 0.1767 0.1769
0.1377 0.1384
Table D-5 Measur ed velocities at longitudinal section 4
Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
Measured point 4.1
0 0 0 0
0.01 0.0843 0.0048 0.0844
0.02 0.1169 -0.0001 0.1169
0.03 0.139 -0.0013 0.1390
0.04 0.1558 0.0008 0.1558
0.05 0.1533 0.0042 0.1534
0.06 0.1613 0.0017 0.1613
0.07 0.1655 0.0042 0.1656
0.083 0.1697 0.1698
0.1336 0.1336
Measured point 4.2
0 0 0 0
0.01 0.0836 0.0031 0.0837
0.02 0.1121 -0.0059 0.1123
0.03 0.134 -0.0002 0.1340
0.04 0.148 -0.0024 0.1480
0.05 0.1543 0.0012 0.1543
0.06 0.1571 0.002 0.1571
0.07 0.1638 0.0023 0.1638
0.083 0.1705 0.1705
0.1312 0.1312
Measured point 4.3
0 0 0 0
0.01 0.1069 -0.012 0.1076
0.02 0.1096 -0.0079 0.1099
0.03 0.1359 -0.0074 0.1361
0.04 0.1443 -0.0031 0.1443
0.05 0.156 0.0004 0.1560
0.06 0.1571 0.0024 0.1571
0.07 0.1654 0.0024 0.1654
0.083 0.1737 0.1737
0.1355 0.1357
Measured point 4.4
0 0 0 0
0.01 0 -0.0015 0.0015
0.02 0.0358 -0.0044 0.0361
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Vertical position Ve ocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0.03 0.0818 -0.0021 0.0818
0.04 0.1429 -0.006 0.1430
0.05 0.1525 -0.0025 0.1525
0.06 0.1671 -0.0009 0.1671
0.07 0.1669 0.003 0.1669
0.083 0.1667 0.1668
0.1026 0.1029
Measured point 4.5
0 0 0 0
0.01 0 0 0.0000
0.02 0 -0.0009 0.0009
0.03 0.028 0.0026 0.0281
0.04 0.1282 -0.0015 0.1282
0.05 0.1631 -0.0024 0.1631
0.06 0.166 0.0017 0.1660
0.07 0.1688 0.0035 0.1688
0.083 0.1716 0.1717
0.0917 0.0918
Measured point 4.6
0 0 0 0
0.01 0 0 0.0000
0.02 0 0.0001 0.0001
0.03 0.0319 -0.0076 0.0328
0.04 0.1411 -0.0032 0.1411
0.05 0.1684 0.0004 0.1684
0.06 0.1676 0.0038 0.1676
0.07 0.1751 0.0057 0.1752
0.083 0.1826 0.1827
0.0959 0.0961
Measured point 4.7
0 0 0 0
0.01 0 0.0003 0.0003
0.02 0.0257 -0.0073 0.0267
0.03 0.0909 -0.0142 0.0920
0.04 0.1554 0.0014 0.1554
0.05 0.1685 0.0062 0.1686
0.06 0.1707 0.0074 0.1709
0.07 0.1735 0.0093 0.1737
0.083 0.1763 0.1766
0.1088 0.1092
Measured point 4.8
0 0 0 0
0.01 0.0596 0.024 0.0643
0.02 0.0934 0.0187 0.0953
0.03 0.14 0.0131 0.1406
0.04 0.1613 0.0096 0.1616
0.05 0.1615 0.0095 0.1618
0.06 0.1644 0.0088 0.1646
0.07 0.1712 0.0087 0.1714
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Vertical position Ve ocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0.083 0.1780 0.1782
0.1311 0.1322
Measured point 4.9
0 0 0 0
0.01 0.0943 0.0332 0.1000
0.02 0.1008 0.0246 0.1038
0.03 0.1314 0.0192 0.1328
0.04 0.153 0.0117 0.1534
0.05 0.1597 0.0126 0.1602
0.06 0.1634 0.0129 0.1639
0.07 0.1672 0.0135 0.1677
0.083 0.1710 0.1716
0.1340 0.1357
Measured point
4.10
0 0 0 0
0.01 0.0973 0.0282 0.1013
0.02 0.1082 0.0228 0.1106
0.03 0.1292 0.0175 0.1304
0.04 0.147 0.0133 0.1476
0.05 0.1521 0.0123 0.1526
0.06 0.1623 0.0131 0.1628
0.07 0.1652 0.0125 0.1657
0.083 0.1681 0.1685
0.1324 0.1338
Table D-6 Measured velocities at longitudinal section 5
Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
Measured point 5.1
0 0 0 0
0.01 0.1074 0.0072 0.1076
0.02 0.1098 0.0076 0.1101
0.03 0.1312 0.0036 0.1312
0.04 0.1399 0.0034 0.1399
0.05 0.151 0.0065 0.1511
0.06 0.1568 0.0054 0.1569
0.07 0.1636 0.0059 0.1637
0.083 0.1704 0.1705
0.1332 0.1333
Measured point 5.2
0 0 0 0
0.01 0.1002 0.0011 0.1002
0.02 0.1121 0.0044 0.1122
0.03 0.1255 0.0041 0.1256
0.04 0.146 0.002 0.1460
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Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
0.05 0.1535 0.0051 0.1536
0.06 0.1516 0.0015 0.1516
0.07 0.166 0.0093 0.1663
0.083 0.1804 0.1809
0.1325 0.1326
Measured point 5.3
0 0 0 0
0.01 0.0658 -0.0045 0.0660
0.02 0.082 -0.0043 0.0821
0.03 0.0975 0.0074 0.0978
0.04 0.1326 0.0021 0.1326
0.05 0.1465 0.005 0.1466
0.06 0.1529 0.0036 0.1529
0.07 0.164 0.0059 0.1641
0.083 0.1751 0.1753
0.1169 0.1170
Measured point 5.4
0 0 0 0
0.01 0 0.0001 0.0001
0.02 0.0027 -0.0007 0.0028
0.03 0.0259 0.0014 0.0259
0.04 0.0615 0.0017 0.0615
0.05 0.1416 0.0053 0.1417
0.06 0.1576 0.0046 0.1577
0.07 0.1683 0.0051 0.1684
0.083 0.1790 0.1791
0.0819 0.0820
Measured point 5.5
0 0 0 0
0.01 0 0 0.0000
0.02 0 0 0.0000
0.03 0 0 0.0000
0.04 0.0089 0.0012 0.0090
0.05 0.0461 0.0001 0.0461
0.06 0.1382 0.0079 0.1384
0.07 0.1695 0.0055 0.1696
0.083 0.2008 0.2008
0.0566 0.0566
Measured point 5.6
0 0 0 0
0.01 0 0 0.0000
0.02 0 0 0.0000
0.03 0 0 0.0000
0.04 0.0237 0.0027 0.0239
0.05 0.0646 0.0098 0.0653
0.06 0.1358 0.0005 0.1358
0.07 0.162 0.0056 0.1621
0.083 0.1882 0.1884
0.0589 0.0591
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Vertical position Veocity (x) Veocity (y)
Total velocity | Average(X) | Averagetotal
(m) (m/s) (m/s) (m/s) (m/s) (m/s)
Measured point 5.7
0 0 0 0
0.01 0 0 0.0000
0.02 0 0 0.0000
0.03 0.0003 0.0003 0.0004
0.04 0.0783 0.0113 0.0791
0.05 0.103 -0.0012 0.1030
0.06 0.1515 0.0034 0.1515
0.07 0.1749 0.0105 0.1752
0.083 0.1983 0.1989
0.0738 0.0739
Measured point 5.8
0 0 0 0
0.01 0.0596 0.024 0.0643
0.02 0.0934 0.0187 0.0953
0.03 0.14 0.0131 0.1406
0.04 0.1613 0.0096 0.1616
0.05 0.1615 0.0095 0.1618
0.06 0.1644 0.0088 0.1646
0.07 0.1712 0.0087 0.1714
0.083 0.1780 0.1782
0.1311 0.1322
Measured point 5.9
0 0 0 0
0.01 0.0167 0.0258 0.0307
0.02 0.0135 0.007 0.0152
0.03 0.0573 0.0051 0.0575
0.04 0.1378 0.0087 0.1381
0.05 0.158 0.0103 0.1583
0.06 0.1628 0.0096 0.1631
0.07 0.169 0.0095 0.1693
0.083 0.1752 0.1755
0.1003 0.1030
Measured point
5.10
0 0 0 0
0.01 0.0598 0.0303 0.0670
0.02 0.0477 0.0053 0.0480
0.03 0.0861 0.0025 0.0861
0.04 0.1408 0.005 0.1409
0.05 0.1474 0.008 0.1476
0.06 0.1588 0.0085 0.1590
0.07 0.1602 0.0081 0.1604
0.083 0.1616 0.1618
0.1113 0.1126
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APPENDIX E

LISTING OF MEASURED VELOCITIESUNDER LOCAL CONTROLLED
CONDITIONS



APPENDIX F

LISTING OF MEASURED LOCAL VELOCITY DISTRIBUTIONS



APPENDIX G

COTTER RIVER FIELD DATA



