© 2007 by Steven Kyle McKay. All rights reserved.



LATERAL PREDICTION OF DEPTH-AVERAGED VELOCITY IN
COMPOUND OPEN CHANNELS

BY
STEVEN KYLE MCKAY

B.S., Colorado State University, 2005

THESIS

Submitted in partial fulfillment of the requirement

for the degree of Master of Science in Civil Enginieg
in the Graduate College of the

University of Illinois at Urbana-Champaign, 2007

Urbana, lllinois



ABSTRACT

Although flow in compound channels is three-dimenal, most engineering applications
treat the flow as one-dimensional, neglecting thie-aniform distribution of velocity in
the cross section. If spatial variation of velgaitithin a cross-section is accounted for, it
is often by using correction coefficients (e.ge oriolis and Boussinesq coefficients,
andp), which are not easily quantified. Two-dimensilotepth-averaged models for
compound channels (developed using the continnidyraomentum equations), while
available, are not practicable for widespread udeerefore, a simple to use model for
predicting the lateral distribution of depth-averdgelocity would be beneficial to many
aspects of science and engineering (e.g., flow ureagent; stream restoration; sediment
transport; etc.). Herein, dimensional analysis exgerimental data from previous
studies are used to develop two models for prewjdepth-averaged velocity
distributions across the width of straight, compbehannels with uniform roughness.
The first model requires velocity data to calibratedel coefficients, whereas the second
model relies on prescribed relations for coeffitsenThe first model reproduced 95% of
depth-averaged velocities within 10% of observddes and the second model
reproduced 78% of predicted values within 10% aferbeed depth-averaged velocities
when the model was applied to the data with whiehais calibrated. The second model
was applied to experimental conditions beyond #idb@ation limits and was found to
reasonably reproduce the velocity distributiondbannels near to calibration conditions
and poorly reproduce the velocity distribution évannels very different than those used

in calibration. For this reason, the first modetecommended when sufficient depth-



averaged velocity data exist, and caution shouleXaeecised in extrapolation of the
second model beyond the calibration range. Apiineof the second model to
discharge prediction provided an accurate, physixsed tool for index velocity rating
that required no calibration. The second model alss applied to examination of
compound channel flow structure and was found tprheticable for qualitatively

assessing the location and width of the shear layer
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1 INTRODUCTION

1.1 Introductory Remarks

Rivers serve as lifelines for modern civilizatiomedto the many benefits they
offer people, namely: water for consumptive purgaé®usehold, irrigation, industrial,
etc.), cost effective transportation and tradeesuénvironmentally friendly power
sources, and rich biological life. Thus, societiese developed close to rivers, many
times directly in their floodplains. As these ketients have grown, they have continued
to develop the area which previously served adfabior flow events exceeding a
river's banks (overbank discharges or floods); bas been dubbed the “Floodplain

Syndrome” (Knight, 2006a).

\e' _____ 1 I mm '/&&&E&/_

=
KEarly towns and settlements Later extensions to town
normally on local elevated areas on floodplain in part of natural
where the channel abuts higher flood channel of the river
ground on edge of floodplain

Figure 1.1. The “Floodplain Syndrome” (from Knight, 2006a)

In recent years, floods are responsible for alradkird of all natural disasters by
guantity and economic loss, and more importanthy thre to blame for over half of the
lives lost (Berz, 2000). Consequently, river stisga are often charged with alleviating
and/or predicting the impacts of floods. Largewlevents, however, are a natural
process of the hydrologic flow regime and cannoaw@ded. Therefore, the task of the
river engineer is to obtain a greater understandifrige processes driving the flow so

that reliable warning systems can be put in plaedamages minimized.



Although overbank flow is fundamentally governedthg same mechanisms that
govern the flow of water within the banks of theer, the geometric complexities
associated with a compound (or two-stage) chamastidally increase the difficulty in
assessing the flow of water over a floodplain. iBgiinbank flows, the streamwise
velocity is primarily affected by the roughnessréa@ on the flow by the banks and the
bed. As illustrated in Figure 1.2, the complexmetry associated with compound
channels induces more complex processes thatlatetreamwise velocity profile,
namely, mass and momentum transfer between theaehand floodplain, large scale
vortices from the shear between two streams oéudfftial velocity, secondary currents,

and different roughness scales in the floodplashraain channel.

Local velocities Shear layer
Momentum transfer .' Depth-mean

Interface
vortices

Flood plain

Ve

Direction of flow:
Secondary
flows

Boundary
shear stresses

Figure 1.2. Flow Structure in a Compound Channel$hiono and Knight, 1991)
Accurate information about the distribution of vaty in open channels is of
great use in many hydraulic analyses. Ideallyiptioh of the complete three-

dimensional velocity vector at any point in theaflavould be the most useful source of



information and would most accurately define thimewy distribution in the channel, but
this is impractical due to computational difficelti time limitations, cost, and difficulty
of use in basic engineering analyses. It will bBendnstrated that a simple model for the
lateral prediction of streamwise depth-averagedail would provide a useful tool for

numerous hydraulic analyses.

1.2 Literature Review

The section reviews the literature describing tineent state-of-the-art in
understanding compound channel flow. This revietends to: review the basic
theoretical considerations of open channel flovpl@e current models for prediction of
velocity in open channels, outline the mechanismardy the complex flow structure of
straight, compound channels, review a brief hisadrgompound channel hydraulics and
experimentation, and analyze current approachemdoleling velocity in compound
channels. This review is intended to presentmdraork for the research presented in
this document, not to be a comprehensive reviethefiterature. However, if the reader
is interested in a complete review of open charared, more specifically compound
channel, hydraulics, Knight and Shiono (1996) amigkt (2006b), present extensive

reviews of the literature.

1.2.1 Theoretical Considerations of Open Channel Flow

This section reviews the governing equations afifflows in one, two, and three

dimensions.



Three-dimensional Flow

The Navier-Stokes equations for incompressible fiwavide an instantaneous
description of the flow of fluid with a constantrasty and viscosity. The momentum

and continuity equations are expressed in tens@atina as:

ou, ou _ 19dp 2°u,
Ty ==y +g
ot  'ox, pox  0x0x

Equation 1.1

ou.,
a_>ql =0
Equation 1.2

Whereu; is the component of velocity in thlirection,x is the coordinate in the
direction,pis the density of the fluidy is the kinematic viscosity of the fluid, agdis
the gravitational acceleration vector (Refer toufegl.3).

These equations provide an exact, instantaneousaoto the fluid flow, but
turbulent fluctuations in the flow make an exadusion difficult to use. Therefore the
momentum and continuity equations are averagedtbeeurbulent fluctuations

(ui =U, +u{)to obtain the three-dimensional (3-D) Reynolds-Agerd Navier-Stokes

equations (RANS).

Equation 1.3

Equation 1.4



WhereU; is the temporally averaged component of velocitthe i-directionu; is the

turbulent fluctuation of velocity about this tempbmean, and; is the stress tensor
accounting for both the pressure and viscosity sesfithe Navier-Stokes equations.

This equation can be resolved in physical terms as:

Inertia of Flow = Forces acting on Flow
or
Temporal Acceleration + Local Acceleration + Tudntl (Reynolds) Stresses = Stress
(due to pressure and viscosity) + GravitationabEif$

In many applications, such as rivers, the resatuibthe three-dimensional
velocity vector is not necessary, and the streamagsnponents of momentum may be
the only components of concern. The RANS modeldogitudinal momentum

combines with the continuity equation to produce:

ou +V6U +W6U +au'v'+6u'w :i or,, +0rxy +ar
0x 0x 0X

ot oy 0z oy oz p XZJ *O3

Equation 1.5
Wherex, y, andz are the streamwise, vertical, and lateral direstioespectivelyW), V,
andW are the temporally averaged components of velagitize x, y, and z directions,

andu’, v', andw’ are the turbulent fluctuations of velocity in they, and z directions,

respectively (Refer to Figure 1.3).



Figure 1.3. Vector Definition of Flow in Open Chamels
This equation models the streamwise flow in thriegedsions; however,
difficulties arise in implementation of this equatifor even the simplest of flow
scenarios. In many applications of interest, gsumption of steady, uniform flow
where turbulent stresses dominate is approprifites further simplifies Equation 1.5 to

the following:

g UV +0UW+6u'_v'+au'_vv' - oS,
ay 0z ay 0z

Equation 1.6
Although the complete Navier-Stokes equations heen greatly simplified, this
equation is still difficult to solve, and the restidn of the velocity profile for most

engineering applications could be expressed bylsimgme or two dimensional models.

Two-dimensional Flow

If the lateral distribution of velocity is of contg the model must be integrated

over the depth to obtain a more useful format.dBgth-averaging Equation 1.6 in the



direction normal to the beg, an even more simplified model is obtained foadte

uniform flow (Bousmar and Zech, 2004).

ponyS, + T g, 1, =2 [ puway

Z e
Equation 1.7
Wherehy is the depth of flowTy; is the depth-averaged turbulent shear strgss the
bed shear stress, aBgl is the lateral slope of the bed.
This equation can be resolved in physical terms as:
Gravitational Forces + Turbulent Stresses — Resistorces = Secondary Currents.
The turbulent (or Reynolds) stresses are commoolgeted with various eddy

viscosity models explained later in section 1.2.5.

One-dimensional Flow

If Equation 1.6 is integrated over the area instdfatie depth, the problem
simplifies to a one-dimensional equation with ag@mparameter accounting for all
resistance. Commonly applied 1-D equations fadsteuniform flow are: Chezy,

Manning, and Darcy-Weisbach equations (EquatiorEh&ation 1.10, respectively):

UO :Czﬁ

Equation 1.8

U, = K g¥g %
n

m

Equation 1.9



Equation 1.10
In which C,, n, andf are all resistance coefficients,is a unit correctional factor (1 for
S.I. units, 1.486 for English unitd},is the hydraulic radiusA(P), A is the cross-sectional
area, and is the wetted perimeter.
Although these equations coarsely represent theegesistance to flow as one
lumped parameter, they provide quick estimatestdoity for use in practical

engineering applications.

1.2.2 Prediction of Velocity in Open Channels

The governing equations describing flow velocitypen channels have been
presented in the previous section. Solution odéhequations provides the distribution of
velocity in open channels; however, as will be @iged in the following section, these
equations do not offer the only method of determgrthe distribution of velocity in open

channels.

Empirical Approximation of Velocity in Channels of Simplified Geometry

There exist many methods of determining the vdrdcstribution of velocity in
“wide” open channels (width/depth ratio is gredbtem approximately 5 — 10, Yalin,
1971; Chow, 1959) from logarithmic and power laBt&éeter and Wylie, 1975). The
resolution of the vertical distribution of velocity useful in approximating the flow in
open channels, but many channels are not “wide edffedts of side boundaries are

pronounced. Therefore, methods exist to resoledateral distribution of depth-



averaged velocity in open channels with geomeppreximations of cross-sectional
shape (rectangular, trapezoidal, parabolic, etc.).

Channels are often assumed to have rectangulareggonThe lateral
distribution of velocity in these channels can ppraximated as constant throughout the

lateral domainyJ , OU, (Wilkerson, 2007). This approximation is generalpplicable

except in the region very near the side boundarléss relation would work acceptably
in “wide” channels, where wall effects are not ohcern. However, this equation is not
likely to represent the flow well in “narrow” chagis.

Natural channels are also commonly assumed to tin@pezoidal cross-sectional
geometry. The distribution of depth-averaged vigfjdo such channels was investigated
by Wilkerson and McGahan (2005). They made us#roénsional analysis and
experimental data to develop a set of empirical @®df depth-averaged velocity in
trapezoidal channels where effects of the chandelsdope are pronounced. Their study
suggests the use of two nonlinear asymptotic modaks that is general and requires
velocity data for parameter calibration (Equatiohl) and one that has prescribed
coefficients and does not require calibration (Eiquel.12). These models define the

velocity distribution in a trapezoidal channel lygaming symmetry in the velocity

z-b
—4= =h,-bexgb s
UO ° bl ‘{2 htotSchj

distribution.

Equation 1.11

Y43 _ 14 0104,)- (O.lZEsch)exp{ 2245, % Z_—bchj

0

Equation 1.12



Wherezis the lateral location in the channel as meastroed the channel centerline,
Uq(z) is depth-averaged velocity at any lateral pajtit, is the lateral distance of the toe
of the bank slope from the channel centerlmgjs the total depth of flows is the
cotangent of the bank slope, dndre constants.

In the context of this report, Equation 1.12 isdusethe following form:

U d (Z) — 1_ 012$ch ex 224sch_0'582 Z - bch
U 1+0.104s,, he.S

ot ~ch

ref

Equation 1.13

WhereU ., =U,(1+0.104s,,) and represents the asymptotic depth-averageditieloc

toward the center of a trapezoidal channel.

Wilkerson and McGahan (2005) report results fromftist model (Equation
1.11) of having high agreement with experimentahaeth coefficients of determination
(R?) from 0.84 to 0.90. The second model (Equatid)lalso yielded high correlation
coefficients R°=0.86). The authors recommend using the first hatienever velocity

data are available for calibration.

Entropy Approach

Another approach to estimating the distributiostobamwise velocity is the
entropy maximization approach of Chiu et al. (198788, 1989, 1991). Chiu et al.
(1987, 1989) present the following equation fousioh of the velocity distribution in a

channel cross-section:

u =Mln{l+(eM —1)—5_50 }
M fmax _fo

Equation 1.14
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Whereu is the velocity a¥, {is an independent variable which develops wijth
& andé&naxare the minimum and maximum valuesédhat correspond to = 0 andu =
Umax respectively, ant¥l is a measure of entropy.

This method of velocity prediction has proven todurce accurate results on
multiple occasions (Chiu et al. 1987, 1988, 198811 1996) and has been utilized in

applications such as sediment transport (Chiu.e2@00).

Energy Transport through Relative Minimum Distance

Another model for velocity distribution predictiothat of Yang and Lim (1997)
whose model is based on the concept of “energgp@mation through a minimum
relative distance toward the nearest boundary” {yetral., 2004). This model presents
an analytical solution to the velocity and sheegss. The model has been adapted to
compound channels and approximations have beemuetsl to account for

discontinuities as the channel exceeds its bankadg\et al., 2004).

Summary

As presented, models exist to predict the distiaoudf velocity in open channels
other than the solution of the complete Navier-8f&quations. In many cases these
models have been developed with simplicity in mand can be quickly used to estimate
velocity in open channels. Some of these models baen adapted to compound
channels, but in doing so either the complexitgpplication increases or the resolution
of velocity decreases. Therefore, a simple moalepfediction of the lateral velocity

distribution in compound channels is needed.
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1.2.3 Flow Structure of Compound Channels

The previous sections have outlined some of théoakst of assessing the
distribution of velocity in a channel through artadgl and empirical methods. When a
river overtops its banks, the geometry of the rived the complexity of the flow increase
dramatically, causing many of the conventional apphes to fail. Expansion onto the
floodplains increases the wetted perimeter ancetbex the amount of water in contact
with roughness elements. Furthermore, in manyrabsystems the floodplains are
significantly rougher than the main channel (eoge$ted banks of a sand bed river).
This increase in roughness causes a velocity difteal between the main channel and
floodplain regions. This difference in velocityus@s a strong lateral shear across the
region around the main channel and floodplain fater (Figure 1.2).

The shear created by these velocity differentialsse many forms of turbulence
and further increases the friction within the fl@@heleznyakov, 1965). This shear also
generates large vertical vortices along the intertaetween the main channel and
floodplain and induces an imbalance in the Reynsidssses which leads to secondary
flows in the channel (Sellin, 1964; Deuller, Toelssd Udeozo, 1967; Udeozo, 1967).
All of these factors combine to produce mass anthamdum exchange across the main
channel-floodplain interface (Figure 1.2).

The combination of secondary flows, large scaldie®s, increased roughness,
and mass and momentum exchange lead to a reductioe discharge capacity of the
channel. Zheleznyakov (1965) termed this redudtien‘’kinematic effect.”

All of these mechanisms of motion have been desdribr straight, compound

channels. Obviously with increased complexity lemform geometry (e.g.,
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meandering), lateral flow mechanisms introduceeircomplexity. This review will,

therefore, focus on straight compound channels.

1.2.4 Experimental Investigation of Compound Channel Flow

As displayed, compound channel flow is complex.aQiiication of these
complex processes is of utmost importance to imgpremmpound channel design;
therefore the flow mechanisms of compound charmele been studied at great detalil.
The following section reviews some of the significafforts in quantifying the

mechanisms of flow in straight, compound channelsath the laboratory and the field.

Pioneering Investigations

Initial investigations of compound channels werea®concerned with the
distribution of velocity in the channels, but iredethe influence of this channel geometry
on backwater computation (Lansford and Mitchely9P Following these
investigations, a flurry of concurrent research wasducted into the discharge capacity
of compound channels.

Initial investigations of discharge capacity of ochals with compound cross-
sections were conducted in the U.S.S.R. in thelld#®’s and 1950’s. These studies
were conducted by Zheleznyakov in 1947-1948 in ledtoratory and field settings. He
found that there was a reduction in discharge dggpas channels exceeded their banks.
Agasieva and Barekyan confirmed Zheleznyakov'sifigd in their 1958-1959
experiments (Zheleznyakov, 1965).

At the same time, key experimental observationsoaipound channel flow

structure were being made in laboratory facilitredlorthern Ireland (Sellin, 1964). By
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adding aluminum powder to a compound channel fludedljn was able to
photographically record planform vortices betwdas hain channel and floodplain.
Sellin attributed these vortices to differencefiondplain and main channel velocity and
believed there to be strong secondary currententte on the flow.

Whilst the experiments in Russia and England weregoconducted, experiments
at Purdue University were initiated (Udeozo, 196¥hese experiments were conducted
in a laboratory model of a compound channel witttanegular, compound geometry and
varying roughness conditions. Working independeotithe previously mentioned
researchers, Udeozo also notes the presence mialexrtices and secondary currents.

These three sets of independent laboratory stadliesncluded that there was a
reduction in discharge capacity as stage excedweblanks of the river. They also all
noted the importance of shear induced secondargmsrin two-stage channels. The
following sections provide an overview of compouwfédnnel research to quantify these
mechanisms at multiple laboratory scales and irfiéhe.

Table 1.1. Summary of Pioneer Studies of Straigif@ompound Channels

Author Year Comment
Lansford and Mitchell 1949 Investigated the baclevaffects of
compound channels in the laboratory
Zheleznyakov 1947, 1948 Described flow mechanisthdascharge

capacity of compound channels in
laboratory and field settings

Agasieva and Barekyan  1958-1959 Performed labgraqueriments in
compound channels

Sellin 1964 Described and photographically recorded
flow structure in compound channels
Udeozo 1967 Measured velocity in compound channels

of varying roughness and described flow
structure of compound channels
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Small Scale Laboratory Research

After the pioneers of the field described the carglow mechanisms and
difficulties associated with modeling flow in twéage channels, there was an explosion
of research to quantify the effects of these meishasm Many models of compound
channels were constructed in small laboratory fleif@ume Width <2 m). These
include studies in asymmetric and symmetric fluifitsfer to Table 1.2). These studies
mainly focused on collection of velocity and boundshear stress data in compound
channel flumes, but two of them extended their wtorinclude turbulence measurements
(Elsawy, McKee, and McKeogh, 1983; Tominaga andu\N&891). Further
experimental compound channel flow studies were@goted at small scales with a
different fluid medium, air (Refer to Table 1.2)Vhile other studies have also been
conducted in small laboratory flumes, this lispissented merely to provide an example
of the plethora of compound channel studies cordlat the laboratory scale.

The measurement and experimentation at this scaleded the scientific
community with data necessary to begin calibratibnumerical models for discharge,
velocity, and shear stress prediction. These aataallowed for further refinement of
the description of flow processes in compound cennThe computational methods

stemming from these studies will be discussedlatea section of this review.
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Table 1.2. Summary of Small Scale (Flume Width <) Laboratory Investigation

of Straight Compound Channels

Author Year Comment
Small Scale Laboratory Experiments in Asymmetrienpound Channels
Myers and Elsawy 1975 Interaction of channel anddplain
significantly alters the shear stress distribution
James and Brown 1977 Dimensionless velocity digtidins displayed
dynamic similarity
Myers 1978 Momentum transfer is critical to flowustture
Rajaratham and 1981 Dynamic similarity of lateral distribution of
Ahmadi depth-averaged velocity
Tominaga and Nezu 1991 LDA turbulence measurements
Small Scale Laboratory Experiments in Symmetric §ound Channels
James and Brown 1977 Dimensionless velocity distioins displayed
dynamic similarity
Rajaratham and 1979 Dynamic similarity of lateral distribution of
Ahmadi depth-averaged velocity
Wormleaton et al. 1982 Apparent shear stress diieross division
planes
Elsawy et al. 1983 Quantification of shear layexing via hot

film anemometry

Knight and Demetriou 1983 Existence of a depth dependent "apparent shear
force" between the main channel and floodplain

Knight and Hamed 1983 Introduction of four dimemégss ratios
relevant to discharge predictio®Hx, Dy,
Nip/Neh, Per/Nen

Asano et al. 1985 Dimensionless parameters suchaasel
width to depth ratio have a "great influence”
over the channel-floodplain interaction

Myers 1990 Scale model of River Main
Seckin 2004 Examination of fixed and mobile bedd an
smooth and rough floodplains
Compound Channel Experiments in Wind Tunnels

Wright and Carstens 1970 Apparent shear stressviah plane is the
same order of magnitude as the boundary shear

Rhodes and Knight 1994, Secondary flows present on floodplain even in
1995 low relative depth conditions
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Large Scale Laboratory Studies

As evident, the quantity of data for compound cled&was growing rapidly by
the late 1980s, but all of the data had been delttinn small laboratory flumes and
guestions about the importance of scale were bagjrio be raised. A collaboration of
researchers in the United Kingdom recognized ther@l differences between the
laboratory and field scales and with the fundinghaf Science and Engineering Research
Council (SERC), now the Engineering and Physicé@es Research Council
(EPSRC), constructed a large scale compound chaesesirch facility at the University
of Birmingham. This facility, the Flood Channeldidy (FCF), is large enough to
reduce scale effects as far as possible in thedédny setting. The flume measures 56m
in length, 10m in width, and has a discharge capatil.08ni/s (Knight and Sellin,
1987). The research efforts using this flume Haeen divided into four major divisions.
Phase A was focused on straight, compound chawitsigid beds and varying
geometry. Phase B was focused on rigid bed mesmgdesmpound channels in straight
floodways. Phase C was focused on straight, comgpobannels with mobile beds.
Phase D is focused on meandering channels withlenbeds (Knight and Sellin, 1987).

These experiments all were for steady, uniform femmditions. In these
experiments, detailed velocity and bed shear stressurements were recorded in both
vertical and lateral directions. In select expenins turbulence was measured using
Laser Doppler Asnemometry. Refer to Table 1.3.

The resulting set of detailed data collected whih ¢ooperation of many

researchers provided the scientific community witiobust set of data to which
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numerical and analytical observations can be coetpand this study should be
commended for its thorough examination of compocimghnels.
Table 1.3. Summary of Large Scale (Flume Width =am) Laboratory Investigation

of Straight Compound Channels

Author Year Comment

Knight and Sellin 1987 Introduction of Flood ChahRacility
and research objectives

Wormleaton and 1990 Discharge estimation through various
Merret techniques

Elliot and Sellin 1990 FCF skewed floodplain expents
Knight and Shiono 1990 Turbulence measurementseaars
layer indicate that shear layer
spreading onto the floodplain
decreases with increasing depth
Myers and Brennan 1990 Flow resistance properfié<€é

Field Scale Laboratory Studies

In the 1970s the United States Geological SurveyG8) Hydrologic
Instrumentation Facility (HIF) conducted experingeat the “field scale.” Their
Floodplain Simulation Facility, which measures apgmately 1371 m long and 91 m
wide and has a discharge capacity of 6 snprovided a scale typical of small natural
channels. In this facility the USGS-HIF conducgagberiments on steady and unsteady

flows for varying vegetated roughness conditiongll{@s and Flynn, 1978, 1979).

River Measurements

Along with the controlled laboratory conditions,seiovations of natural
environments were necessary to verify that compurtat methods being developed were
applicable regardless of scale. Such field obsienvs of overbank flows are often costly

and difficult to collect, resulting in the relatiyesmall amount of field work reported in
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the literature. Extensive field measurementsiangdd to a few rivers in the United
Kingdom and the United States.

Wark, Slade and Ramsbottom (1991) report veloagiributions in various
rivers throughout the U.K. Included in these measents are a few of the many field
observations that have been made on the River Sevdis river has been a source of
much of the available velocity data in natural aiels. In recent years Babaeyan-
Koopaei et al. (2002) and Carling et al. (2002)ehmeasured turbulence on the River
Severn using an Acoustic Doppler Velocimeter.

Another set of detailed field data comes from tieeRMain in Northern Ireland,
which has been altered to create a compound chavitietelatively uniform geometry
(Martin and Myers, 1991; Johnston and Higginsor§1)9

In the United States few channels have been useahnpound channel analyses
and calibration of compound channel models. Altfomany rivers exhibit compound
channel geometry, few studies of velocity in thelsennels have been reported. One
channel that has been used in compound channalityedtudies is Salt Creek at
Greenview, lllinois (Bhowmik and Demissie, 1982)he distribution of velocity in this
channel has been observed by the USGS for multtples and discharges.

Table 1.4. Summary of Field Measurement of StraighCompound Channels

Author Year Comment

Bhowmik and Demissie 1982 Conducted a field studhe Salt Creek at
Greenview, IL and the channel’'s compound nature
during flood events

Wark et al. 1991 Report velocity distributions wers throughout
the United Kingdom
Martin and Myers 1991 Conducted field studies of the River Main in a

Johnston and Higginson ~ 1991reach altered to have compound channel geometry

Babaeyan-Koopaie et al. 2002Collected velocity and turbulence data for the Rive
Carling et al. 2002 Severn
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Summary of Compound Channel Data

Studies of flow in compound channels have beenwcted on multiple scales
and provide a large quantity of data to use inymiglof such channels. In laboratory
studies the possibility of scale effects relatedbiaghness and turbulence issues
continues to arise (Schoemaker, 1991; Ackers, 198150 of concern is the complete
development of flow in the laboratory setting. dtigh the uniform flows considered in
laboratories were allowed to become fully developased on boundary layers, this is
not the only type of flow development that needetié¢ considered. Bousmar et al.
(2005) suggested that the distribution of dischamggompound channels may require a
longer development length than that of the bountargr.

An issue aside from the scale effects is the agbiiity of the geometries
considered in laboratory studies. Many of the $stlle studies have been conducted in
rectangular channels with rectangular floodplaibaboratory studies have also induced
limitations on the width of the floodplains duedonstraints of flume size. Many natural
channels possess floodplains that are many timasrilhan the main channel (Udeozo,
1967). Morvan (2005) suggests that the extensseeofithe FCF data could bias
compound channel models towards channels withivelgtnarrow floodplains, which
may not be observed in nature. The FCF was modelgach a way as to maximize the
main channel width to depth ratio and the floodphaidth as well. Although the width
used was as wide as possible, the widths obsenveatire are significantly greater
(Morvan, 2005).

Although the applicability of the large base of gmund channel data has been

guestioned by Bousmar et al. (2005) and Morvan%2Qafe array of conditions tested
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provides researchers with a large quantity of datia which to test hypotheses on

compound channel flow mechanisms and develop mdaietompound channel flow.

1.2.5 Overview of Compound Channel Analysis

Analysis of velocity in straight, compound chann®s taken many forms over
the last 90 years. The first approximations of poond channels were to treat the
channel as a single entity with a single bulk visyocFollowing these methods, the
channel was divided into main channel and floodpsaibsections and each section was
treated as a separate homogeneous unit. As conomadeability and analytical
understanding increased, the methods for analgsiarbe increasingly complex.
Following coarse division of the channel, the sattias been divided into small vertical
sections and the flow properties were considerenldtly. The velocity has also been
considered in all three-dimensions of the chanislch of these methods will be

explained in the following sections.

Single Channel Method

As stated above, the analysis of compound chanvesdirst considered by
treating the section as a single entity with a hgemeous equivalent roughness.
Appropriate values of roughness were, howevericditfto determine. Einstein (1934)
and Horton (1933) suggested the weighting of thgihaess values from the main
channel and floodplain to obtain a total roughrfassr. This cross-section weighted
resistance was then to be used in a one-dimensgoation (such as Manning’s
equation). Many methods have been proposed faghtiag the resistance and a

thorough review of these is provided by Yen (198102). These Single Channel
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Methods (SCMs) were reasonable first estimatebestage-discharge relations, but
upon applying them to compound channels, it was Hes they often underestimate
discharge.

Due to the ease of application of the SCM, corogctf this method was pursued.
Dracos and Hardegger (1987) proposed that the SEMjusted by altering the
hydraulic radius and wetted perimeter. James anaiB (1977) suggested an alteration
of the Manning equation to include overbank effects

These single channel methods (SCMs) have been stwoprovide relations
between the stage and discharge that are of theat@rder of magnitude for steady,
uniform flow conditions. These simplistic methamsnot possibly encapsulate the
complex flow mechanisms described in above secaoksprovide no lateral resolution

of the velocity.

Divided Channel Method

The next, and perhaps the most common, methodiofasig compound

channel flows is the Divided Channel Method (DCMhis method is generally credited
to Lotter (1933) who suggested that the channelivided into relatively homogeneous
subsections and the discharge be computed in eatibrsindividually. However, Sellin
(1964) alludes to the work of Houk, who’s work fbe Miami Conservancy district in
1918 lead him to suggest, “When the overflow araa wide and comparatively shallow,
and the main channel narrow and deep...the overftea was arbitrarily separated from
the river channel and the discharge of each cordpgntiependently.” Regardless of who

proposed the DCM, many methods of computing thgesthscharge curve in compound
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channels have been suggested that are fundamevasky on the basic DCM
assumption.

The DCM produces total discharge values of readeradzuracy, but the
distribution of discharge in each subsection maggsienated poorly (Knight and Hamed,
1983; Wormleaton and Hadjipanos, 1985). Due tdetsrable simplicity, many
corrections of the DCM have been proposed to oveecthis error in subsection
discharge prediction. These corrections can badbycclassified into six groups: (1)
alteration of subsection wetted perimeters; (2puhtiction of different arbitrary planes of
cross-section division; (3) division of the crogstson by planes of zero shear stress; (4)
weighting of multiple forms of the DCM; (5) larghesar stresses have been measured
across the divisional planes (Myers, 1978) and oudsthave been proposed to estimate
this “apparent” shear stress; and (6) the coheraretbod of Ackers (explained below).

Refer to Table 1.5 for a summary of divided charmethods (DCMs).

23



Table 1.5. Summary of Divided Channel Methods (DCM

Author Year Comment
Original DCM
Lotter 1933 Division of channel for discharge corapion
Houk 1918 Division of channel for discharge compiota
Alteration of Wetted Perimeter
Wright and Carstens 1970 Include length of divigiteme in wetted

perimeter calculation
Different Planes of Cross-section Division

Deuller et al. 1967 Horizontal planes
Posey 1967 Diagonal planes
Wright and Carstens 1970 Vertical planes
Wormleaton et al. 1982 Accuracy of different pladepend upon their
ability to model apparent shear stress
Seckin 2004 Comparison of all DCM methods to Coheze

method and Exchange Discharge Model

Estimation of Zero Shear Stress
Yen and Overton 1973 Use the DCM with planes ob atrear stress
Yen and Ho 1983 In some cases the zero shearanéectn be
approximated by a diagonal division plane

Weighting of Multiple DCM Forms

Lambert and Myers 1998 Weighting factor for horidrand vertical
division planes
Cassels et al. 2001 Extension of weighting to neobdd channels
Atabay and Knight 2006 Recalibration of weightiagtbr for

homogenously roughened channels
Computation of Apparent Shear Stress

Myers 1978 Apparent shear at channel-floodplaierfate is
large
Ervine and Baird 1982 Fgormula for calculation opapent shear stress
Wormleaton and Merret 1990 Formula for calculattbmpparent shear stress
Wormleaton et al. 1982 Apparent shear stress diieross division planes
Knight and Demetriou 1983 Formula for calculatidrapparent shear stress
Knight and Hamed 1983 Formula for calculation gbaent shear stress
Prinos and Townsend 1984 Formula for calculatioapifarent shear stress
Noutsopoulos and 1985 Apparent shear stress provides a reliablecton
Hadjipanos to the DCM
Coherence Method
Ackers 1991, Method of computing compound channel discharge

1992, 1993 by correcting SCM and DCM approaches
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The final method of improving the DCM is an empati@approach proposed by
Ackers (1991, 1992, 1993), the coherence methdtus dpproach corrects the DCM
computed discharges to better reflect the act@atiblution of discharge in the channel.
It relies on two dimensionless parameters, the reotoe COH) and the discharge
adjustment factor§ISADF The coherence is a measure of the ability ottienel to
be modeled accurately by the SCM and is defindtiasatio of the SCM computed
discharge to the DCM computed discharG®H = QscMQpcv). The Discharge
Adjustment Factor corrects the DCM calculated dasgh to more accurately reflect the
actual dischargeDISADF = Qac/Qbcw)-

Using the data from the University of Birminghano&dl Channel Facility,
Ackers computed the DISADF for multiple relativepties and identified four distinct
regions of flow with increasing and decreasing amigwf interaction (Figure 1.4). He
fit empirical functions to each region of the fl®ased on geometric parameters
determined through dimensional analysis and prapassequence of calculations to

determine the region of flow and therefore the ligsge.
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Figure 1.4. Discharge adjustment factors for Compand Channels (Ackers, 1993)
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Although this method is highly empirical, accurptedictions of discharge by
this method have been reported in both laboratodyfield settings. Seckin (2004)
reports that errors in discharge for fixed boundabpratory flumes are generally less
than 10% and less than 20% for mobile bed fluniecause of this accuracy and
applicability to natural rivers, the United Kingdddational River Authority now
recommends the use of this method in discharge atatipn. The major pitfalls of this
method are that it involves tedious calculation ar&y require some engineering
judgment (Bousmar, 2002).

Although all of the DCM methods can provide acceiregtimates of discharge, it
comes at the cost of the resolution of the distidouof velocity. The assumption of
multiple subsections with different velocities iach leads to discontinuities in velocity at

the boundaries between the subsections.

Lateral Distribution Method (LDM)

As noted in the previous sections, there exist nfarps of stage-discharge
computation with varying levels of complexity anctaracy. The SCM approaches
provide estimates of discharge, but do not proinf@mation about the distribution of
depth-averaged velocity in the channel. The DClgragches provide coarse estimates
of the distribution of velocity, but these methguaieduce a velocity discontinuity at the
channel-floodplain interface. Therefore many mdthbave been developed for
predicting the lateral distribution of velocity @@mpound channels. These will herein be
referred to as Lateral Distribution Methods (LDMSs).

To date, most of the LDMs are based on solvinggtheerning equations of open-

channel flow through use of a turbulence-closureleh¢Bousmar and Zech, 2004).
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Modeling of open-channel flow through turbulencedxhconcepts has been pursued at
varying levels of complexity. Each of these modmdgins with simplification of the 3-D
Reynolds Averaged Navier-Stokes (RANS) equatiomméEion 1.3 and Equation 1.4).

In turbulent flows, the stresses due to turbuldacexceed the stresses due to
molecular viscosity. This implies that the momentequation simplifies to the
following:

o Ui )T e

ou, ou |_ 0 ——
P +U =TS PUY; + 09
Equation 1.15
Boussinesq’s eddy viscosity concept assumes tedRdéynolds stresses are

analogous to molecular viscosity and can be mod&jdeiquation 1.16.

— . 0U.
_puilujlzvt %+_] _Edljk
ox;  0x 3

i
Equation 1.16
Where; is the eddy viscosityy; is the Kronecker matrixg = 1 fori =j; andg; = 0 fori
#1), andk is the turbulent kinetic energy (Bousmar, 2002).
Equation 1.5 can be used in conjunction with Equmali.16 to define the
streamwise velocity in three-dimensions. Howeifed;D resolution of the flow is
desired, Equation 1.16 can be combined with Eqnoéiti@ to yield Equation 1.17 for

steady, uniform flows:

U,

0 [ 2_ 0
pghotso-l'a_hot[pvta_j_rb 1+ sz2 :a_ IpUdV\@dy
zZ Z th

Equation 1.17

WhereUq andWj are the depth-averaged streamwise and lateratitygloespectively.
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1
U, =— |Udy
i
Equation 1.18
W, -1 J-Wdy
ot hy

Equation 1.19

The eddy viscosity is either assumed constant aleted by a one or two
equation model. These models enlist a varietyppf@aches to modeling the eddy
viscosity and can produce the distribution of vasjom two or three dimensions. Some
of the models require calibration, while others asestants obtained directly from
literature. The eddy viscosity model most commaypplied in compound channels is
the Elder Formulation (Table 1.6). This modelfi®o coupled with a model for
secondary flows due to the importance of thesedlmwcompound channels. Many other
eddy viscosity models have been applied to compatadnels (Table 1.7). All of the
models provide reasonable estimates of the distoibwf velocity in compound

channels; however, solutions often require compleadytical and numerical techniques.
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Table 1.6. Summary of Elder Formulations for Eddy Miscosity Models used in the
Lateral Distribution Method in Compound Channels

Secondary
Author Year Current Model Comments

Radojkovic and Djordjevic 1985 Numerical Solution of Elder

Knight et al. 1989 Formulation

Shiono and Knight 1988 Analytical Solution of degtveraged
velocity with channel discretized into
linear elements

Wark et al. 1990 Numerical solution of Elder

Wark et al. 1991 Formulation in terms of discharge per

Lyness et al. 1997 unit width

Wormleaton 1988 Linear Eddy Model assumes eddy viscosity can be

Viscosity Model

modeled as the sum of bed generated
turbulence and secondary current
generated turbulence. Numerical
solution.

van Prooijen et al.

2005 Prandtl Mixing
Length Eddy
Viscosity Model

Modeled eddy viscosity as the sum of
the bed generated turbulence (Elder
Formulation) and secondary current
generated turbulence (Prandtl Mixing
Length)

Shiono and Knight

Knight and Abril
Abril and Knight

1991 Depth-Averaged

Analytical Solution for laréy

secondary currentsdiscretized channels (Shiono and

are assumed to

1996 Vary linearly

2004

across the channel

Knight Method, SKM)

Empirical calibration of SKM

Successful field applicatiohthe
Knight and Abril (1996) calibration

Wormleaton 1996 Used the SKM to described the
importance of secondary currents in
compound channels

Ervine et al. 2000 Scaled as the Modified the SKM with a

Babeyan-Koopaei et al.

depth-averaged
velocity

2002

proportionality to describe secondary
flows. Model was applied to straight
and meandering channels.

Field application of the model of
Ervine et al. (2000)

Bousmar and Zech

2002Two models: one
2004 for dispersion

Combined the secondary current
models of the SKM and Ervine et al.

effects and one for (2000) to include dispersion and other

other secondary
currents

effects. The model was applied to
uniform and nonuniform flows.
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Table 1.7. Summary of other Eddy Viscosity Modelsgplied to Compound

Channels
Eddy
Viscosity
Model Author Year Comments
Constant Eddy Ogink 1985 v, = 0.5 nf*s for the Rhine
Viscosity River
Wilson et al. 2002  Evaluated constant eddy
viscosity model for compound
channels in comparison to
alternative eddy viscosity
models and found it lacking in
accuracy.
Linear Eddy  Alavian and Chu 1985 Eddy viscosity scaled with
Viscosity width of the shear layer and
Model velocity differential between
the main channel and
floodplain
Prandtl Lambert and Sellin 1996  Assumed mixing length scale
Mixing Length as the product of depth and a
constant
k-¢ Krishnappan and Lau 1986 3-D algebraic stress eddy
Dissipation Larson 1988 Viscosity models
model Kawahara and Tamai 1989
Johnston and Higginson 1991
Naot et al. 1993
Cokljat and Younis 1995
Rameshwaran and Naden 2003  3-D finite volume agproa
Pezzinga 1994 3-D Non-linear ke models
Sofialidis and Prinos 1998
Sofialidis and Prinos 1999 3-D k-w model
Keller and Rodi 1984, 2-D k-£ models
1988
Radojkovic and Djordjevic 1985
Wilson et al. 2002
Large Eddy  Thomas and Williams 1995
Simulation Bousmar and Zech 2001b,
2001c
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1.2.6 Beyond Straight compound channels

As displayed, there have been a large number diesticoncerned with
accurately modeling and predicting flow in straigtdmpound channels under steady,
uniform flow conditions with rigid beds. While the studies are imperative for the
advancement of the field, they are not the onlynfof experimental, numerical, or
analytical research conducted in compound chamataments. Other compound
channel studies have focused on skewed channedsmdeeng channels, vegetated
channels, mobile bed channels, unsteady flow inpmamd channels, obstruction of
compound channels by structures, and varying batekwanditions in compound
channels (Table 1.8).

Table 1.8. Summary of alternative Compound Channedtudies

Author Year Comment
Skewed Channels
Ervine and Jasem 1989 Experimental work
Elliot and Sellin 1990 Experimental work in the FCF
Bousmar and Zech 2004, Narrowing floodplain experimentation and
2005a, application of the Exchange Discharge Model
2005b
Proust et al. 2006 Abrupt floodplain contractiopesmentation
Meandering Channels
Toebes and Sooky 1967 Laboratory experimentation
James and Brown 1977 Laboratory experimentation
Ervine et al. 1993 Conceptual model of meanderiranoels
Greenhill and Sellin 1993 Stage-discharge predictio
Ervine et al. 2000 LDM Application to meanderingaohels
Wormleaton and 2006 Numerical model of mobile bed, meandering
Ewenetu channels
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Table 1.8. (cont.) Summary of Alternative CompoundChannel Studies

Author

Year Comment

Pasche and Rouve

FCF Phase A

Westwater
Helmio

FCF Phase C
Cassels et al.

Knight and Brown

Karamisheva et al.
Atabay et al.
Tang and Knight

Collins and Flynn

Lyness and Myers

Helmio

Sturm

Lansford and Mitchell
Yen et al.
Blalock and Sturm
Chaudry and
Bhallamudi
Lee et al.
Kolshykin and
Ghidaoui

Vegetated Channels

1985 Experimentation and 1-D midtin@ccounting
for lateral shear between channel and floodplain

1990 FCF experiments using dowel roweghe
floodplains
2001 Dowel roughened floodplain experisien
2002 1-D unsteady flow routing through veged

compound channels
Mobile Bed Channels

2000 Mobile main channel experimemtatio

2001 Application of weighted DCMntobile bed
channel

2001 Application of fixed bed mtxieso mobile bed
experiments

2005 Sediment transport in camgahannels

2005 Sediment transport in compourahoels

2006 Bedforms of compound channels

Unsteady Flow
1978, 1979 Unsteady flow experitsen field scale facility
with vegetative roughness

1994 Collection of unsteady flatacn the River
Main
2002 1-D unsteady flow routing

Channel Obstruction

2006 Effects of bridge abutments in compound
channels
Backwater
1949 M1 backwater profilescmmpound channel
1985 Backwater computation
1981 Minimum specific energy
1988 Critical depth prediction
2002 Critical depth prediction
2002 Froude number as a source of shear instability
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1.3 Objectives and Scope of Research

Resolution of the lateral distribution of velocitycompound channels is needed
by practitioners for a range purposes spanning Btseam restoration design to channel
navigation. As evident by this review of the staté¢he-art in compound channel
hydraulics, there exists a significant body of workhe research of straight, compound
channels. Seckin (2004) states that, “One-dimeasimethods still appear to be the
primary tool used by engineers for modeling thgatdischarge relationship in
compound channels because of their simplicity jpliagtion, requiring less effort and
fewer data.” Current LDMs use a momentum-basedcgmh to predict velocity in
compound channels (Bousmar and Zech, 2004), whkitboi intricate for simple
analyses. Therefore the goal of this researah @evelop a practicable, empirical
method of predicting the lateral distribution oé tstreamwise depth-averaged in
compound channels by dimensional analysis andie&tidn with experimental data.

A model such as this does, however, require masynagtions to simplify the
problem. The following is a list of the major asgtions of the model:
* Natural channels can be effectively representesitplifying the channel cross-
section into trapezoidal main channel and floodp&ements.
» Simple geometry channel geometry:
o Straight, symmetric, prismatic channel geometry
o Large width to depth ratios in the main channel toaldplain
» Steady, longitudinally uniform flow
* Homogeneous roughness conditions throughout tres<ection

* Fully turbulent, subcritical flow

33



Although these assumptions simplify the problenstically, the model will still be
applicable to many situations of concern to engme€an an empirical model accurately
represent flow as complex as that of a compoundredl@ Empirical functions such as
Acker’s Coherence Method have already proven teigeoaccurate results in compound
channels. Empirical models have also been appi@ether complex flow systems with
great success (e.g., Gamma distribution hydrograpss hat” function for density
currents, etc.).

By way of dimensional analysis and the wealth gfezimental data, this research
aims to develop two functions for the lateral disition of velocity in compound
channels: one that is calibratable with observedcity data and another that has

prescribed coefficients generalized for many geameonditions.
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2 MODEL DEVELOPMENT

As presented in the previous section, many detaikperiments on the
distribution of flow in compound channels have beenducted, and these experiments
have provided the data necessary to calibrate plsiempirical model for the
distribution of depth-averaged velocity. Trendsha distribution of velocity in
compound channels provide the basis for such a médgure 2.1 presents “typical”
depth-averaged velocity distributions obtained fromitiple channel geometries for
varying depths. As evident, the velocity is cotesifly slower on the floodplain and
faster in the main channel for all depths. Sintian the velocity distribution exists
across this range of conditions, implying that pprapriate empirical model may be
constructed to reproduce these trends in depthagedrvelocity.

From Figure 2.1, one could deduce that there aneszof velocity in compound
channels. The first of these zones is on the f{ad, where depth-averaged velocity
increases from the water’s edge and then reachedatarely constant magnitude on the
floodplain. The second zone is the shear layeere/flow velocities increase from low
floodplain velocities to higher main channel vetws. The final velocity zone is in the

main channel, where depth-averaged velocity reaghektively constant magnitude

throughout the lateral domain. Figure 2.2 pres#mssconcept of “zonal velocity.”
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Figure 2.1. “Typical” depth-averaged velocity distibutions in Compound Channels
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This study will model the lateral distribution oépth-averaged velocity by
computing the velocity in individual velocity zone$he velocity distribution in the
floodplain will be computed by one functidi(z), and the velocity in the shear layer and
main channel will be model as a separate funcfi¢n), The shear layer and main
channel will be modeled together due to the appnakely constant magnitude of depth-
averaged velocity in the main channel. This maodgesipproach, presented in Figure 2.2,
allows the distribution of velocity to be divideato two separate problems, that of the
trapezoidal floodplain and that of the shear lay®at main channel. Dimensional
analysis will be used to determine the relevanameters for predicting the depth-
averaged velocity distribution in the main charerad shear layer. For predicting the
velocity distribution on the floodplain, a modifiéorm of the Wilkerson and McGahan
(2005) function will be utilized. Methods for asseng the critical location between the

functions,z;, will also be developed.

2.1 Dimensional Analysis

“Through dimensional considerations the complegitf analysis can be greatly
reduced — though by no means eliminated” (Rousg9)L9Dimensional analysis is based
on three main components: parameter selection, ic@atin of parameters into
meaningful dimensionless ratios, and the simpliftcaof the system by means of

elimination of some of these dimensionless ratios.

2.1.1 Parameter Selection

According to Yen (1991), the selection of paranetefluencing flow in open

channels can be divided into four main categofles:, fluid, geometry, and sediment

37



properties. This study focuses on rigid bed chntleus, sediment properties are
eliminated from consideration as relevant paramseter

The flow properties of the system must be defimedrder to assess the depth-
averaged velocity at a given lateral locatidg(z). The parameters necessary to
adequately define the flow were found to be theirddtric rate of flow @), the cross-
sectional averaged velocity{), the depth of flow in the main channblf), and the
water surface slopeS().

Table 2.1. Flow properties

[L], length; [T], time; [1], dimensionless

Symbol Description Dimensions
U4(z) Depth-averaged velocity [
Q  Discharge [ET7
Uo Cross-section averaged velocity [er
ot Depth of flow [L]
Sy Water surface slope [1]

The set of fluid properties considered are thosessary to adequately describe a
homogenous fluid: specific weighg) (expresses the effects of gravity on the fluid,
density ) describes the mass of the fluid, dynamic visgdglj serves as a measure of
the fluid resistance, and surface tensi®@hdccounts for molecular attraction of
molecules in shallow flows (such as those potdgt@iserved on the floodplain).

Table 2.2. Fluid properties

[L], length; [T], time; [M], mass

Symbol Description Dimensions
y  Specific weight of the fluid [MEAT ]
o Density of the Fluid ML)
4 Dynamic viscosity of the fluid [METY
Y  Surface Tension [MT]

38



Many geometric parameters are necessary to adégdafene the complex
geometry of a compound channel in three dimensibtmyvever, approximation of a
compound channel as a trapezoidal main channdirapezoidal floodplain allows for
definition of the vertical and lateral channel gedm with a minimum of variables.
Figure 2.3 presents a schematic of a trapezoidapoand channel and the associated
geometric parameters. As displayed, the origirsehdor this analysis is the intersection

of the channel centerline and channel bed duertorstry.

N\ \V/ ¥ /
B hip

htot hch B bct%
Sch y

4

Figure 2.3. Schematic of Compound Channel geometry

The variables necessary to adequately define thes«gection of a compound
channel are the main channel depth and half-bottwdtth (h., andbgy, respectively), the
side slopes of the main channel and floodplainandsy, respectively), and width of the
floodplain (). Many other useful geometry parameters may heileded from
combinations of these parameters and the knowrhddgtow in the main channehg;).
Some of these parameters include the top widthefitain channebyfyp), the half-width
to the toe of the floodplairBj, the floodplain depthh,), the cross-sectional ared)(the

wetted perimeterR), and the hydraulic radiuRE A/P).
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The geometry parameters defined above charactbezehannel from a

macroscopic point of view, but one important pareant consider exists at a much

smaller scale. The roughness of the channel boasdaill be expressed as a

characteristic roughness heigkt,

Longitudinal geometry of a compound channel caadexjuately defined by two

parameters: the slope of the channel I8gnd a shape factor for planform changes in

channel geometryd).

Table 2.3. Channel geometry and channel properties

[L], length; [1], dimensionless

Symbol Description Dimensions
z Lateral coordinate (measured from channel centrlin [L]
hen Top of main channel (Overbank depth) [L]
ben Half width of the main channel [L]
B Half width of the floodplain [L]
bop  Half top width of the main channel [L]
brp Width of the floodplain [L]
Sch Main channel side slope (h:v) [1]
Stp Floodplain side slope (h:v) [1]
A Cross-section area for given depth AL
P Wetted perimeter [L]
R Hydraulic Radius [L]
Ks Channel roughness height [L]
S Bed Slope [1]
Q Dimensionless Planform Shape Factor [1]

Relevant variables have been identified; howevanesof these variables can be

eliminated to avoid redundancy in the analysisr éxample, of the three variables

needed to define the relation between bulk flow tredcross-sectiort), Uo, A), only

two are needed to adequately define the systedmaribble redundancy is removed, the
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parameters necessary to predict the distributiatepth-averaged velocity can be

summarized as follows:
Ud(z): f(Q’h[ot’Sw’y’puu’Y Z’hch’bch’bfp’ ch’Sfp’SO Q’ s? )

Equation 2.1

2.1.2 Analysis of Flow in a Compound Channel

The relevant parameters are nondimensionalizedighrscaling, and a more
general solution to the problem is obtained. Tglevant variables are scaled with
density, kinematic viscosity, (the ratio of the dynamic viscosity to the fluidnsity,
v=w/p), and depth of flow in the main channel to rembasic dimensions of mass, time,

and length, respectively.

Ud(z)hmt:f[ Q g O’ Yha z My by by oo ko A]
v I/htot ! 4 /Y V2 htot htot htot htot C ’ htOt htot

Equation 2.2
Combination and rearrangement of some of theserdiimeless ratios leads to the
expression of the depth-averaged velocity distidouas a function of 13 relevant

dimensionless ratios of compound channel flow.

UO bch h_

Us(2) _ f(Re, LW, i,Dr,i,bfp b— sch,sfp,Q,ﬁj
So fp h htot
Equation 2.3
WhereRe is the Reynolds numbéf, is the Froude numbevy; is the Weber number,;D
is the so-called relative depth/(= (hior-hen)/hior), andbr/hy, is the width to depth ratio of

the floodplain.
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2.1.3 Simplification of the Compound Channel Flow Problem

The purpose of the proposed model is to predectlibtribution of depth-averaged
velocity in rivers; thus some of the terms are igglgle because flow in rivers is
generally turbulent, subcritical, and deep enoungh the effects of surface tension are
negligible R >> 10, F, < 1, W, >> 1, respectively) (White, 2003). For this asigya

straight channel is assumed to be under uniform fonditions with uniform relative

roughness throughout the cross-ser{tn: ],ﬁ = ks = Lj These final two

S0 htot htot - hch

conditions are not commonly found in nature, besthassumptions have been made in
order to simplify an extremely complex problem. thMhese simplifications and
assumptions, the problem is reduced to a set ofmkimonless ratios that are both

physically meaningful and relevant to the problemsidered.

U,l(z z by b,
Lj( ): f(Dr’b_’i’h_h’SCh’Sfp’]
0 h fi ch

C

P
Equation 2.4
This analysis assumes that the distribution oflt@ptraged velocity in
compound channels can be predicted by modelingigtebution of velocity in two
separate regions: the main channel/shear layayrregid floodplain. The assumption of
a region of laterally uniform flow in the main cheat occurs in channels that are wide
enough for the effects of the side slopes to beifstgntly reduced; that idy./h., must
be greater than 3-5, (Yalin, 1979; Chow, 1959)e Tlow must also be able to obtain
lateral uniformity in the floodplain in order fdneé assumption of velocity zones to hold

true. Although coarse, this assumption of widemwiannels and floodplains holds true
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of most natural systems (Morvan, 2005) and allowgHe division of the problem into
main channel/shear layer and floodplain components.

If only flow in the main channel and shear layex eonsidered, the floodplain
width and side slope become negligibly importarite Bbsolute position in the channel is
not as important as the relative position in tharnctel; thus, the lateral coordinate is
given a reference of the top of the floodpldig,, and the depth-averaged velocity

distribution can be simplified into the followingrtns:

U, (2) fl{D 270y sh]

U 0 btop

Equation 2.5

2.2 Mathematical Modd

From the preceding dimensional analysis, functidoaths of the depth-averaged
velocity distribution have been obtained for thamhannel/shear layer region. This
functional form is useful for qualitative assessimErcompound channels, but
mathematical forms of this relation must be obtdimeorder to gain a quantitative tool
for assessment of the depth-averaged velocityiloligion in compound channels.

A form of the logistic function (Equation 2.6) hlasen chosen to model the
depth-averaged velocity distribution in the maiarahel/shear layer region. This
function provides a nonlinear, asymptotic solutiomefining the distribution of depth-

averaged velocity in the main channel and shearlay

= = +a
U, ot
l+a,e ™

Equation 2.6
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Whereay, ap, as, anda, are model coefficients.

Recalling from section 1.2.2, Wilkerson and McGaf2005) developed an
empirical model for predicting depth-averaged vjodistributions in trapezoidal
channels. Equation 1.13 has been adapted to rflodebn the trapezoidal floodplain

(Equation 2.7) by altering the reference locatBngnd the relevant parametens,,(sy).

0.125 -
Us(d _y_ OBw 224s, " z-B
U 1+0.104s,, e, S

ref
Equation 2.7
As a reference velocity, Wilkerson and McGahan B)Qse the cross-section
averaged velocity in the trapezoidal channel. dé@npound channels, the asymptotic
floodplain velocity is used as the reference véjyooecause the influence of the side
slopes on the cross-section averaged velocity'wde” floodplain is relatively small.
This asymptotic velocity is determined from Equatib6 as the depth-averaged velocity
at the outer edge of the shear lay#y(z.), as defined in Figure 2.2 (Criteria for defining
Z. will be identified in the paragraphs that follow:Jhe advantage of this approach is
that it requires continuity of depth-averaged vigilobetween the functions. Substitution
of this reference velocity into Equation 2.7 le&mla model for the lateral distribution of

depth-averaged velocity in trapezoidal floodplaiaguation 2.8).

0.125 -
U d (Z) -1- fp exp{ 224Sfp—0.582 z-B ]
Ug(z.) = 1+0104s, hySp

Equation 2.8

The Wilkerson and McGahan (2005) model is appleailly fol< s, < 3

Therefore, for channels with vertical or nearlytical side walla{sfp < 1), another
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estimate of depth-averaged velocity must be fortedla The depth-averaged velocity
outside the shear layer is approximatetlgg.). This is expected to function well except
very in the floodplain side slope (Wilkerson, 2007)

Either the adapted Wilkerson and McGahan (2005)eh(ttuation 2.8) or the
assumption of constant floodplain velocity can bepted with the logistic model
(Equation 2.6) to predict the depth-averaged valatistribution in a compound channel
as shown in Figure 2.2. The complete model fotld@peraged velocity in compound
channels can thus be expressed as Equation 2i9.mbldel requires measured velocity

data for calibration of the model coefficients.

U, & +a 1Z< 2

Z_btop 4
g—

l+ae ™

224sfp_0'582LB
Uy(2)=1U4(z.) 1- 01258, “J 12>, 1<s,<3

Ud(zc) ;Z>Z) Sfp<1

Equation 2.9
In order for the model to be utilized, a method tiesspecified to identify the
critical point between the two functiorg, This critical point has been defined as the
lateral location wher&(z) is approximately equal to its asymptotic solution
(f,(z=w)=4a,). Due to the asymptotic nature of the logisticdtion, a criterion must
be set when the function is approximately equahi® asymptotic value. The criterion is

defined as the point where the depth-averaged wglied.1% greater than the
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asymptotic valuw(% = 1.00]a4j . The logistic model (Equation 2.6) may then be

0

rearranged to obtain a simple relation for thaaaitpoint between the two functiorg,

Equation 2.10
In order for the system to be within the scopehad work, the floodplain must be
sufficiently wide to develop a region of laterallgiform depth-averaged velocity on the
floodplain. To assess whether the floodplain f@antly wide, the approximate
asymptotic solution to both functions must be alddi Using a criterion similar to that

used in developing,, the asymptotic solution of the adapted Wilkerand McGahan

U,z
(2005) model is% = 0.999, wherez, wu is the location of the approximate
d Zc

asymptotic solution to the WM model. The floodplé deemed sufficiently wide for

this analysis as long @agwm > z.
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3 DATAUSED IN MODEL DEVELOPMENT

The model presented in Equation 2.9 can be casiirfatr any symmetric

compound channel with uniform roughness given eugffit depth-averaged velocity data

(Ud(z)), channel geometry parametelg.(bx,, <n Sp, Nen), and hydraulic characteristics

of the systemUo, hot). As presented in section 1.2.4, many studieofpound

channels have been conducted at various scalds. fiden four such studies (at three

scales) have been obtained for calibration andization of Equation 2.9 (Table 3.1). In

this document data are referred to either by “sée by “series-testnumber”.

Table 3.1. Laboratory Data Used in this Study

Scale Facility Authors  Year Series Number of
Tests
Small Scale Waterways'Experlment James and 1977 JB-01 3
Laboratory Station Brown
JB-02 6
JB-03 9
JB-12 2
University of Seckin 2004 S-03 10
Birmingham
Flood Channel Facility :
Large Scale  mopy ot the University <miantand g qe7 poEo1 8
Laboratory S Sellin
of Birmingham
FCF-02 9
FCF-03 10
FCF-08 7
FCF-10 8
Hydrologic
Field Scale  Instrumentation Facility Collins and
Laboratory (HIF) Floodplain Flynn 1978 CF 19

Simulation Facility

As indicated in section 1.2.4, small scale labaga{Blume Width < 2 m) studies

have been conducted by many researchers. Datatfvorsuch studies have been used in
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this analysis, James and Brown (1977) and Seckid42 James and Brown (1977)
conducted experiments in a tilting flume 26.8m loh&2m wide, and 0.45m deep with
channel boundaries of molded from concrete. Bwithisetric and asymmetric
compound channels were examined, but for the pegofkthis study, only data from
symmetric channels will be utilized. Velocitiesreeecorded at multiple lateral
locations for a given depth via a 3.175 mm pittieteonnected to a pressure transducer.
Seckin (2004) conducted similar experiments iruen# 18m long, 1.213m wide, and
0.4m deep. This flume was configured as a reclangompound channel with PVC
channel boundaries. Depth-averaged velocity wassored by a 13mm Novar Nixon
miniature propeller current meter at 0.4 depthloviéy was measured at each lateral
location five times on 10s intervals and these maasurements were averaged to obtain
an estimate of the depth-averaged velocity. Tloengdric properties of these two small
scale laboratory studies can be seen in Table 3.2.

Detailed data have also been obtained from the lscgle Flood Channel Facility
at the University of Birmingham. As previously éxiped this facility is 56m long, 10m
wide, and 0.25m deep. This flume has been ustsbtonultiple compound channel
geometries, channel boundaries, and planform dondit The test conditions used in
this analysis are those of straight channels wiifoun concrete channel boundaries.
The depth-averaged velocity was obtained by meagoint velocities throughout the
cross-section with 10mm diameter miniature propeilieters and depth-averaging. The
geometric properties of these data sets can alsedaein Table 3.2.

Data from the United States Geological Survey’'s@3$ Hydrologic

Instrumentation Facility (HIF) Floodplain Simulatié-acility has also been obtained.
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This outdoor facility was extremely large with tlest facility measuring 820m long,
91.4m wide, and 0.91m deep. The channel boundaifrithes facility were comprised of
grass roughness tested at multiple lengths to exathe effects of variable roughness
(Note: “Series” label has been modified to expgsss length in mm in some references
in this document). Due to the test facility sizelocity and depth data were recorded at
multiple cross-sections via standard wading procesiuFor this analysis, only data from
one cross-section will be used. The geometricgmogs of these experiments are also
presented in Table 3.2.

Table 3.2. Geometric properties of tests used ihis study

Main Floodplain  Main Main .
Number Slope Channel Channel Floodplain

Seres it Tests (103  Half- Half- - Channel  “ci ™ gide Slope
Width Width Depth Slope
S ben (M) B (m) hen (M) Sh Sp
B0l 8 1,23 009 0.71 0.05 1 1
JB02 6 1,23 009 0.51 0.05 1 1
B03 9 1,23 009 0.33 0.05 1 1
B12 2 1 0.12 0.69 0.07 1 1
S-03 10 2024 020 0.61 0.05 0 0
FCF-01 8  1.027 075 5.00 0.15 1 0
FCF02 9  1.027 075 3.15 0.15 1 1
FCF-03 10 1027 075 1.65 0.15 1 1
FCF08 7  1.027 075 3.00 0.15 0 1
FCF10 8  1.027 075 3.30 0.15 2 1
CF 19 04 1.53 45.70 0.3 2 2
Range 96 043 009-153 0.33-457M05-03  0-2 0-2

Although a range of geometric conditions is impotria any empirical study, the
range of dimensionless properties is perhaps ngperitant to ensure that the model is
applicable over many scales. The dimensionlegsepties of the test cases used in this

study are displayed in Table 3.3.
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Table 3.3. Dimensionless properties of tests usadthis study

Range of

Seri Number Main Floodplain Range of Floodplain Channel
eries Channel . ; Aspect
of Tests Side Slope Side Slope Relative Depth Aspgct Ratio
Ratios
Sch Sip Dy bro/ i ber/Nen
JB-01 8 1 1 0.002-0.278 29.1-152.0 1.75
JB-02 6 1 1 0.123-0.285 18.2-51.8 1.75
JB-03 9 1 1 0.084 - 0.336 7.4-40.8 1.75
JB-12 2 1 1 0.068-0.213 26.8-99.8 1.75
S-03 10 0 0 0.162 - 0.460 9.6-22.8 3.98
FCF-01 8 1 0 0.050 - 0.500 41.0-269.9 5.00
FCF-02 9 1 1 0.050-0.500 16.3-113.1 5.00
FCF-03 10 1 1 0.050 - 0.500 5.0-46.1 5.00
FCF-08 7 0 1 0.050 - 0.500 22.5-132.4 5.00
FCF-10 8 2 1 0.050 - 0.500 24.9-149.1 5.00
CF 19 2 2 0.430-0.641 81.3-192.8 5.08
Range 96 0-2 0-2 0.002-0.641 5.0-269.9 1588

As displayed these data provide a large range pér@xental conditions to which
the model can be applied; however, the scope sfaitject eliminates some of the data
for use in calibration of the model. The main afelrof the James and Brown (1977)
data is not hydraulically wide according to theidledi criteria, and the different character
of the roughness in the Collins and Flynn (1978ad&t precludes its use in calibration
of the model being developed. Although the exdugif these data limits the range of
variables tested, the quantity and quality of diaden the Seckin (2004) and Flood
Channel Facility (1987) data sets still providesfaence in the range of data available
for calibration of the empirical model (Table 3.4he exclusion of the James and
Brown (1977) and Collins and Flynn (1978) data séte allows the limitations of the

model to be examined.
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Table 3.4 Dimensionless properties of data availablfor model calibration

: . Range of Range qf Channel
. Number Main Channel Floodplain . Floodplain
Series . . Relative Aspect
of Tests Side Slope  Side Slope Aspect .
Depth . Ratio
Ratios
Sch Sp Dy bfp/hfp ber/Nen
S-03 10 0 0 0.162 - 0.460 9.6 -22.8 3.98
FCF-01 8 1 0 0.050 - 0.500 41.0-269.9 5
FCF-02 9 1 1 0.050 - 0.500 16.3-113.1 5
FCF-03 10 1 1 0.050 - 0.500 5.0-46.1 5
FCF-08 7 0 1 0.050-0.500 22.5-132.4 5
FCF-10 8 2 1 0.050 - 0.500 24.9-149.1 5
Range 52 0-2 0-1 0.050-0.500 5.0-269.9 3.98-5

is a cause of concern to the robustness of thétiresmodel. The use of channel top

width, byp, as a scaling parameter for the lateral coordi(iageation 2.6 and Equation

The limited range of channel aspect ratios in @dration data sets (Table 3.4)

2.9) may also induce uncertainty in the applicatibthis limited range of channel aspect

ratios due to the parameter’'s dependence uponthetthannel aspect ratio and the
channel side slope. For this reason, it is hymotee that channel bottom width.() or
channel side slope widtls.¢hc.r) may be more appropriate scaling parameters. eThes

complications limit the results of this analysigtie channels similar to those listed in

Table

3.4.
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4 DATA ANALYSES AND RESULTS

The following chapter will discuss the applicatioithe model developed in
Chapter 2 (Equation 2.9) for the prediction of lgteral distribution of depth-averaged

velocity in the compound channels described in @Greh

4.1 General, Calibratable Model

Values of the coefficientsy) of Equation 2.9 can be determined for any
compound channel using the method of least squgwern the geometric character of the
system Kcn, brp, Neh, Sy Sp), hydraulic characteristics of the channidy, (), and
sufficient depth-averaged velocity dara (4(z)).

The reader will recall that in order for the systenie within the scope of this
work, the floodplain must be sufficiently wide tewklop a region of laterally uniform

depth-averaged velocity on the floodplain. Fos #malysis as long ag,,, —z. > , the

floodplain is sufficiently wide for use of the mddén order to make this dependent on
system properties instead of model solutions, ¢heionship between these calculated
values and the floodplain width to depth ratig/{y) is considered. Figure 4.1 shows

that wherbyy/hy, < 15-25,z,,,,, — Z. is often negative, implying that the two portiafs

the model (logistic function and adapted Wilkersowl McGahan function) have not
both reached the asymptotic solutions requiredi$er of the proposed model (Equation
2.9). For this analysis, a floodplain is considienede wherbyy/hy, is greater than 15.
This value was chosen as a compromise betweengalhysalism and data needs for

calibration of an empirical model.
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Figure 4.1. Development of compound channel widébdplain criteria

The model has been applied to the data sets oETablto examine whether the
form of Equation 2.9 is appropriate. Seven of ¢héata sets were eliminated for use due
to a lack of sufficient depth-averaged velocityadiat the floodplain. Nine other data sets
were eliminated based on the wide floodplain doter Two data sets (FCF-010602 and
FCF-020402) were reserved for model validationer&fore, of the 52 data sets in the
FCF and Seckin experiments, only 34 were availadslenodel validation (Table 4.1).
The predicted and observed distributions of depiraged velocity for each of the 34
data sets may be viewed in Figure A.1-Figure ArBAppendix A. The optimized

coefficients and fit statistics for each of theads¢ts may be viewed in Table A.1.

53



Table 4.1. Data sets used in validation of Equati?2.9

Main Range of Range of  Channel
. Number Channel Floodplain 9e g€ o
Series : . Relative Floodplain  Aspect
of Tests Side Side Slope , .
Depth Aspect Ratios Ratio
Slope
Sch Sp Dy bfp/hfp ber/en
S-03 4 0 0 0.263-0.343 15.6 - 22.8 3.98
FCF-01 6 1 0 0.092-0.400 41.0-269.9 5
FCF-02 7 1 1 0.117-0.479 16.3-113.1 5
FCF-03 4 1 1 0.098 - 0.243 15.6 - 46.1 5
FCF-08 6 0 1 0.102-0.400 22.5-1324 5
FCF-10 7 2 1 0.100 - 0.464  19.1-149.1 5
Total 34 0-2 0-1 0.050 - 0.500 5.0 - 269.9 3.98-5

Figure 4.2 displays a typical velocity profile desd by Equation 2.9. The model

was optimized by least squares analysis. Thigdighows that the model closely

predicts the distribution of depth-averaged veloirita compound channel.
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Figure 4.2. Depth-averaged velocity distribution pedicted by Equation 2.9 for test

case FCF-020501
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For the 34 data sets considered, the model prodwegBcients of determination
(R?) of 0.826 to 0.995 with an average of 0.971 antkdian of 0.985. The estimated
standard errorg] of the function had a range of 0.009 to 0.032, wtsaverage of 0.018
m/s, and a median of 0.016 m/s.

In order to assess accuracy of the results obtdopelde model, each measured
depth-averaged velocity data point was consideremparison to its value as predicted
by the model (Figure 4.3). A line of perfect agneat is shown on the plot as a solid
line, and lines of 10% and 20% error are displaggedashed lines. 95% of predicted
depth-averaged velocities lie within 10% of thearled value and 98% of predicted

depth-averaged velocities lie within 20% of thédserved value.
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Figure 4.3. Results of Equation 2.9 as displayedbserved and predicted velocities
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The high coefficients of determination, low starttlarror, and predicted values
close to unity lead to the conclusion that the fafrthe function (Equation 2.9) is

reasonable for the range of geometries considered.

4.2 Continuously-Varying Parameter Model

Application of the general, calibratable model (Bgon 2.9) indicates that the
proposed function can be calibrated to provideagaarable description of the depth-
averaged velocity distribution. However, this miaggjuires detailed measurement of
depth-averaged velocity in order to calibrate tlogled, which is often impractical or
impossible to obtain in the field setting. Therefca more generic form of the model is
sought that will not require depth-averaged veloddta for calibration. A generic
predictive model for depth-averaged velocity in p@mund channels was derived by
optimizing the coefficients of Equation 2.9 for thieove data sets and regressing these
coefficients with the significant dimensionlessaatpresented in Equation 2.5. This
produced a continuously varying parameter model (@del) whose coefficients are a
function of the channel and floodplain geometrjisimodel will rely on prescribed
coefficients determined by calibration and reg@ssif model coefficients.

The CV model was calibrated with the Seckin (2084J Flood Channel Facility
data sets used in the previous section. The rgigresf all coefficients; with the
dimensionless ratios of Equation 2[% @nds,) allowed for general relations to be
determined using least squares analysis. Residitie predictions were examined, and
if the residual exceedeti2 standard deviations beyond the mean residuapdhe was
identified as an outlier and removed to prevenisig to outlying data (Hill and

Lewicki, 2006). After outliers were removed, 2Galaets remained (Table 4.2).

56



Table 4.2. Data sets used in calibration of the ntnuously varying model

. Range of
: Number Main Floodplain Rang_e of Floodplain Channel
Series Channel . Relative Aspect
of Tests . Side Slope Aspect .
Side Slope Depth . Ratio
Ratios
Sch Sp Dy bro/hp ber/hen
S-03 3 0.0 0.0 0.297-0.343 15.6-19.3 3.98
FCF-01 4 1.0 0.0 0.092-0.246 84.0-269.9 5.00
FCF-02 7 1.0 1.0 0.117-0.479 16.3-120.1 5.00
FCF-03 1 1.0 1.0 0.153 27.65 5.00
FCF-08 5 0.0 1.0 0.102-0.302 34.7-1324 5.00
FCF-10 6 2.0 1.0 0.100-0.398 19.1-149.1 5.00
Range 26 0-2 0-1 0.092-0.479 15.6-269.9 3%28-

Coefficienta; was found to be highly correlated with the relatdepth (ratio of

the depth of flow in the floodplain to that in th®in channel). As the relative depth

becomes large, the difference between the deptltageeé velocity in the main channel

and on the floodplain would become small; as itsdihe coefficieng; approaches zero.

The following exponential model was found to pravalgood fit of the data (Equation

4.1 and Figure 4.4) and the appropriate physiodtdi The exponential model also

provided randomly distributed residuals (Figure) 4.5

a, =1.33%7297®
R? =0915
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Coefficientsa, andagdid not correlate with any of the relevant dimenggss
variables. These coefficients were expected tg wah the width of the channel side
slope,schhen. It is hypothesized that the usebgf, as a scaling parameter over a small
range of channel aspect ratios may have inducedittéxpected result in the analysis.
As stateda, andag showed little variability over the calibration g therefore, these
parameters were approximated as constant oveatige rof conditions examined. The
mean values of the two parameters waere 1.583 anas = 7.989. Figure 4.6 presents a
summary of the calibrated coefficiensg,andag, in the form of boxplots. Definitions of
boxplots varies among references; therefore, ferimishis document, boxplots will be
defined in the form of Schmidt (2002), where thexbis defined as the upper and lower
guartiles with the median value represented betwleem and the “whiskers” are defined
as the largest or smallest value within one ste@ (pper quartile minus the lower
guartile times 1.5) of the upper or lower quartikspectively. Outliers are plotted as

points beyond the “whiskers”.
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Coefficientay was also found to be highly correlated to relatiepth. A power
function provided the best fit of the data alongivappropriate limits for the coefficient.
As the relative depth approaches zero (in-bank)fleaefficienta, approaches zero
because there would be no velocity on the floodplddypothetically speaking if the
relative depth approaches infinity, coefficiegtalso approaches infinity. The model

(Equation 4.2 and Figure 4.7) and the resultinglugds (Figure 4.8) are displayed.

a, =1527D,***
R? = 0.939

Equation 4.2
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Combining each of these expressions with Equati®rieéads to a continuously
varying parameter model for predicting the disttiba of depth-averaged velocity in
trapezoidal compound channels.

1.333 7287

7
198944995

1+158% ™

+1.527D,%% | ;z<z

UO

2245,

-0s82 7B
U,(z2)=4 U, (zc)[1—0.125sfpe "J ;z2>7, 1<s.<3

Ud(zc) ;Z>Zc' Sfp<1

Equation 4.3

4.2.1 Application of Continuously Varying Model to Calibr ation Data

In order to assess whether the coefficient relatiarthe continuously varying
parameter model (Equation 4.3) are appropriatembeel was applied to the data for
which it was calibrated. The observed and predititeral distributions of depth-
averaged velocity for each test may be seen in AgigeA. The statistical properties of
each distribution are presented in Table A.1 in&ppx A. The observed variance in
the CV model was evaluated by plotting observedmedicted values of the depth-
averaged velocity (Figure 4.9). Among the 98aqatints, 78% are within the 10% of

the observed values and 96% are within 20% of bseiwed values.

62



.-, 0
12 e
s - D
7 "o %ﬁ/gé /
/AA A/E Do / _
1 & =
e _ -
- & / / - -7
L X -7
5 08 7 >° -
E e e
- o P -7
) p A e 7
3 - -
S 06 g T -
8 % 8 ° + -
2 °g” e
& o o B -
° =
o -
0.4 4 o O 2 -7
A A Bo p
o % o ” e+ g
o -
° F
0.2 2 ~-.-°n
//// g
0 : : : : : :
0 0.2 0.4 0.6 0.8 1 1.2
Observed U4 (m/s)
X S-03 + FCF-01 o FCF-02 A FCF-03 O FCF-08
¢ FCF-10 Perfect Agreement 10% Error — — —-20% Error

Figure 4.9. Continuously varying model results fodata used in calibration
The model predictions were also assessed by sthstiistical metrics. The

model produced coefficients of determinati®?)(from 0.503 to 0.990 with a mean of
0.918 and a median of 0.964. The standard errtireofnodel varied from 0.015 m/s to
0.105 m/s with a mean of 0.038 m/s and a medi@hQ&7 m/s. Althougl®? values are
low in some cases, the trends of the velocity ithistion are appropriately represented.
Figure A.13, Figure A.32, and Figure A.17 presdatsof the data sets with the highest,
median, and lowe$? values R*= 0.990, 0.964, and 0.503, respectively) for the
continuously varying parameter model as it has laggtied to the data with which it

was calibrated.
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4.2.2 Validation of Continuously Varying Model

In order to evaluate the generality of Equation #wW® data sets representative of
typical channels with and without floodplain sidepes were withheld for validation
purposes (FCF-010602 and FCF-020402). Figure ar@bFigure A.36 present the
predicted depth-averaged velocity distributionstf@se data sets. The results from the
application of the CV model to these data are gtbih Figure 4.10. Among the plotted
points, 54% are within the 10% of the observed esland 100% are within 20% of the

observed values.
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Figure 4.10. Continuously varying parameter modetesults for validation data
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4.2.3 Extension Beyond Model Calibration Range

Although the model should only be applied to thergetric conditions for which
it has been developed, examination of the modélisytbeyond the tested range
provides the user with knowledge of the respongb@model to use beyond its
limitations. The model has been applied to thrata dets beyond the calibrated range
and outside the scope of this research to exarhaeffects of narrow main channels,

narrow floodplains, and varying roughness condgion

Prediction of Depth-Averaged Velocity

Application of the CV model to the small scale lediory data of James and
Brown (1977) allowed for examination of the effeatearrow main channel
(be/her=1.75) has on compound channel flow. The CV mddghot closely predict the
depth-averaged velocity profile for all tests colesed (Figure 4.11). The scatter of this
prediction is believed to be caused by the effetthe narrow main channel on the
distribution of flow in the channel. A typical ity distribution for this data set has
been provided for reference to the magnitude ateddblocation of errors in the

predicted velocity distribution for both the CV ageneral models (Figure 4.12).
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Figure 4.11. Results of the continuously-varyinggrameter model as applied to
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Tests with narrow floodplains were removed from¢h&bration data sets. The
tests of Seckin (2004) that contained narrow fldais (/hyp, < 15) will now be used to
examine how the model responds to floodplainsahanot wide enough for velocity to
become laterally uniform. The CV model predict&®8f depth-averaged velocities
within 20% of the observed values (Figure 4.13)théugh the model predicts values
close to the observed values, there is a systematicprediction of velocity throughout
the channel. The close fit could be an artifaaitgihg this channel geometry in model
calibration. General use of the model is not rec@mded in narrow floodplains. A
typical velocity distribution for this data set Hasen provided for reference to the

magnitude of the overprediction of the velocitytdizition (Figure 4.14).
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Figure 4.13. Results of the continuously varyinggrameter model as applied to

channels with narrow floodplains
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In order to test the ability of the model to respdm varying roughness scales, the
model was applied to a set of field scale laboxatests by Collins and Flynn (1978).
This extremely large, vegetated flume was usedcaonéne the effects of relative
roughness on the flow in compound channels. Ther@©del was applied to the 19 test
cases, but only 45% of the predicted depth-averagkatity values were within 20% of
the observed values (Figure 4.15). The floodplailocities were predicted closely by
the model, but the main channel/shear layer veéscivere poorly predicted. Figure 4.15
shows how the model drastically underpredicts vgfao the main channel. A typical
depth-averaged velocity distribution has been diggdl in order to illustrate the

underprediction of main channel velocity (Figur).
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Coefficient Errors

The errors associated with application of the C\eideyond the calibration
range highlights the need for model calibrationdonditions beyond the calibration
range. This section examines the magnitude oéties of each of the prescribed
coefficient relations and presents guidance fabcaifion of these coefficients. The
general, calibratable model (Equation 2.9) has laggtied to each of the extension data
sets and produced depth-averaged velocity distabsitwith high correlation to observed
velocity distributions R = 0.76 to 0.99). The prescribed coefficient iiefag will be
examined relative to these optimized coefficients.

The underestimation of main channel velocity indaees and Brown (1977) and
Collins and Flynn (1978) data sets implies a m@dation of thea; coefficient. Figure
4.17 displays the optimized coefficients for theests as compared to the optimized
coefficients for the calibration data sets alonthviest fit lines for the calibration and
extension data sets. In the Collins and Flynn 8)@ata, mean grass length is indicated
by the series name, for example test CF-53 hasaa gi&ss length of 53 mm and CF-99
has a mean grass length of 99 mm. As grass lemgdases and protrudes further into
the flow, the coefficien; becomes larger for the same relative depth. inijdies that
with increasing uniform roughness, the velocityeafiéntial between the floodplain and
main channel becomes larger. This large rangeloksdora; implies that the CV model
(Equation 4.3) is highly dependent upon channegjjinoess, and caution should be
exercised when extending the CV model to channglslarge roughness elements (e.g.

vegetation).
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Figure 4.17. Comparison of prescribed model coeffient a; to data beyond the

project scope

Coefficientsa, andag do not display large discrepancies from calibraigides

even for flow conditions that are vastly differérdm those used in model calibration.

Figure 4.18 and Figure 4.19 display the residubth@coefficients from the mean values

calibrated in section 4.2. Coefficiest shows little variability even as applied to

conditions well beyond those to which it was calted. Coefficiengz shows some

dependency upon channel geometry and roughnestheboalibrated mean derived in

section 4.2 appears to offer a reasonable estinfidkes value.
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The predicted floodplain velocity is in large pagpresented by the coefficiemt
Therefore, correct estimation this coefficientngical for accurate prediction of the
depth-averaged velocity on the floodplain. Figdi20 presents the optimized values of
a for the data sets used in calibration and thogerthe scope of this project. The
optimized values of this coefficient indicate thia prescribed relation fey appears to
be reasonable for the vegetated floodplains oCihiéins and Flynn (1978) data sets, but
inappropriate for the narrow main channels of tads and Brown (1977) data set. This
indicates that the main channel has the greatihgence on the floodplain when the

asymptotic velocity is not reached, as in the adsenarrow main channel.
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Figure 4.20. Comparison of the prescribed model edficient a, to data beyond the

project scope
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From the response of each of the prescribed ousitis to extension beyond the
range of calibration, a basic calibration approeaih be recommended. The model
appears to be the most dependent upon accurateaéssi of the coefficients anday
because these coefficients model the asymptotaritglin the main channel and on the
floodplain, respectively. Therefore, calibratiditlvese coefficients is deemed the most
critical with greater priority given te; due to the large variability of observed values.
Coefficientsa, andas showed little variability over a broad range ohdaions with
coefficientas varying more than coefficiesb. From these basic observations it is
therefore recommended that if calibration of the i@¥del is desired the coefficients

should be calibrated in the following order as datobtaineda;, a4, as, anday.

4.3 Model Comparison

In order to assess the usefulness of the develmpel@ls, their accuracy must be
compared to that of other models used for the ptiedi of depth-averaged velocity in
compound channels. Two commonly used models laeeDivided Channel Method
(DCM) with vertical boundaries not included in wegttperimeter calculations and the
Shiono and Knight Method (SKM) (Shiono and Knigh#91). The former is more
commonly applied to prediction of discharge, buegloffer a small amount of resolution
in the velocity profile. The SKM is an analyticakthod based on the momentum
equations and an eddy viscosity model. Each dfetimeethods has been described in
greater detail in section 1.2.5. Figure 4.21 digplthe depth-averaged velocity profile
predicted by each of these models, the general haesteloped in this work, and the CV
model of this work for the validation data set FGQE3402. The ability of the model to

accurately model observed depth-averaged velooitytpis displayed in Figure 4.22.
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The models developed herein appear to producetsesfudn equivalent caliber to
the analytical model of Shiono and Knight (199The analytical SKM is obviously
preferred to the empirical methods developed Hmrethe ease of application of the
models developed herein encourages their use.gderal, calibratable model does not
rely on prescribed coefficients and can be appbeahy channel within the scope of this

research provided there is enough depth-averadedityedata for calibration.

4.4 Discussion

Two models have been presented for the predicfitineodepth-averaged velocity
distribution in compound channels: a general, catdble model and a continuously
varying parameter model. The models produce reddermpredictions of the depth-
averaged velocity distribution for the range ofilwation. Extension of the CV model
beyond the calibration range does, however, indigr@ficant errors in the prediction.
The calibratable model has been shown to be ajmi¢ideeyond the range tested. Each of
these models was compared to two standard mettimBivided Channel Method
(DCM) and the Shiono and Knight Method (SKM). Thedels predicted the velocity
distribution better than the DCM and with compaeadtcuracy to the predictions of the
SKM for the range of calibration.

Although there are limitations to the models depelt) it has been shown that
accurate predictions of the depth-averaged velalisiyibution can be made with proper
calibration of the model. The general model iremended when sufficient depth-
averaged velocity data are available. AlthoughGNWemodel produced erroneous results

when applied beyond the calibration range, the fofitme function was still reasonable.
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Recalibration of the CV model would be appropriateextension of the model beyond
the calibration range, and a calibration approahlyeen identified.

The advantage of the models developed is the dag®pbcation of a single
function for the prediction of depth-averaged vélom compound channels. To
demonstrate the utility of a simple model, two &mtlons of the model will now be
presented: discharge prediction through velocitheking and estimation of shear layer

location and width.

77



5 APPLICATION | — DISCHARGE PREDICTION

Prediction of discharge in compound channels issue that has been
approached from many angles. Some of the appreathemarized in section 1.2.5
include: Single Channel Method (SCM), Divided Chainiethod (DCM), Ackers
Method, and various Lateral Distribution Method®s). Another common method of
discharge prediction in compound channels is bygiahn index-velocity rating. In this
method an “index” velocity is measured at the s&oation for various flow
measurements. This index velocity is then relabetie observed mean velocity through
a variety of models. A continuous stage record/ioes a relation between stage and
cross-sectional area for the same flow measuremé&mtsn these relations the area can
be determined for any stage, and the mean veloaitybe found for any measured index
velocity. The discharge is the product of the amed mean velocity (Rantz, 1982b).

Index-velocity relations take many forms, but tmore commonly applied forms
are presented in Equation 5.1 and Equation 5.2(%led Gain, 1995; Hittle et al., 2001;
Morlock et al., 2002; Ruhl and Simpson, 2005). Séhequations provide two empirical
approaches of estimating cross-sectional mean ielloom a measured index velocity.
Equation 5.1 presents a simple linear model rajdtie two velocities while Equation 5.2
assumes the mean velocity is a function of thexnagocity and stage. Both models
rely on discharge measurements to calibrate thiicieets, c¢. In compound channels,
index velocity ratings are often formulated sepayafor inbank and overbank
measurements. The use of a separate index-velatiiyg for overbank flows requires

numerous overbank discharge measurements with wiiabcurately calibrate the
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models. Overbank discharges are rare and measutrefbese discharges is often time
consuming, costly, and dangerous.
Up =CUngex T C;
Equation 5.1

U 0 = CSU index + C4U indexhtot + CS

Equation 5.2

5.1 Useof the Continuously Varying Mode for Predicting Discharge

Both the general model (Equation 2.9) and theioaatsly varying parameter
model (Equation 4.3) are tools for the lateral preoin of depth-averaged velocity in
compound channels, but they can also be used as wadocity ratings to predict

discharge in compound channels. The models e&eltha form of Equation 5.3.

U, (2)
U,

= f(z,Geometrya,)

Equation 5.3
If a measurement of depth-averaged velocity isl @ésean index

velocity(U, ...(z) =U,(2)), then the model can be rearranged as an indekitelo

relation (Equation 5.4).

U. = U index(z)
°  f(z,Geometrya,)

Equation 5.4
Regardless of whether the general or continuowsslying version of the model is
used, Equation 5.4 represents a physically baskxkinelocity rating that uses a depth-

averaged velocity distribution to predict dischaageopposed to the empirical models
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presented in Equation 5.1 and Equation 5.2. Itth@inuously varying parameter model
is used, no overbank discharge measurements agesay for calibration. Due to the
ability of the model to predict discharge withoatibration, the continuously varying

model will now be assessed as a velocity rating too

5.1.1 Model Application to Calibration Range

The success of the CV model to provide an accumdex velocity rating and
discharge prediction will now be assessed by apgliihe model to the compound
channel data for which it was calibrated (Tablg.3.4

For simplicity, the index velocity used in theléing application is the
observation of depth-averaged velocity nearestliamnel centerline. The location of
the index velocity near the center of the channslees that the velocity is being
predicted by the logistic function. Therefore thdex-velocity rating takes the form of
Equation 5.5. Knowledge of channel geometry, stagd index velocity are the only

necessary variables to estimate the cross-sectioaanh velocity.

= U index(z)
0 1.33$—2.872Dr
7.989° Do

1+158% >

+1.527D,***

Equation 5.5
The utility of the CV model as an index-velociating is that it does not require

the overbank discharge measurements requiredmadasta velocity indexing ratings
(Equation 5.1 and Equation 5.2). Often when naloamek measurements are available
for calibration, inbank velocity ratings are exteddo overbank conditions. Therefore,

in order to compare the accuracy of discharge estiswithout available overbank
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discharge data, the CV model is compared to inlgatikrations of common index

velocity relations (Equation 5.1 and Equation 5.2).

FCF-02, FCF-03). These inbank measurements wercktoscalibrate the two empirical

Inbank velocity data exist for 3 of the Flood ChahFacility data series (FCF-01,

index velocity relations (Equation 5.1 and Equato?). The CV model has been

applied to the same three data sets. Figure Bsepts the results of each of the models

for prediction of the cross-sectional mean velaciEygure 5.2 presents the range of the

absolute errors associated with each index veloattgg in the form of a boxplot.

Predicted U, (m/s)

11

7 e °
1 -
- o
s - g / /
7 o e
o 7 7
0.9 -
- >
o 7 N
B ] /OO © A / / » -
PRI e [ -
o N4 ° A n / A -
0.8 - ° N / 7
a 7 A& / -
R - - -
A e 7 < / -
- A ® -7
0.7 — 3 —=
e - L -7 .
L - e .
R | |/ . -
0.6+~ L
/ / o -
05 — ; ; ‘ ‘
0.5 0.6 0.7 0.8 0.9 1 11
Observed U, (m/s)
‘ ¢ Linear Model A Linear Model with Stage Term ®  CV Model Perfect Agreement 10% Error — — — -20% Error ‘

Figure 5.1. Results of prediction of cross-sectiahmean velocity by multiple

velocity rating models
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Figure 5.2. Absolute error of multiple index veloty relations
The CV model was also applied to the validatioradatts (FCF-010602 and FCF-
020402) to remove bias of results due to calibratimbank calibrations of Equation 5.1
and Equation 5.2 were also applied. Table 5.1gmtsshe absolute errors associated

with use of each of these models to predict cressenal mean velocity.
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Table 5.1. Error in prediction of cross-sectionamean velocity for multiple velocity

indexing models

Absolute Error (%)

Test Linear Model Linear Model with Stage TernCV Model
FCF-010602 25.0 5.2 3.5
FCF-020402 24.1 11.9 0.6

5.1.2 Extension beyond Model Calibration Range

The CV model’s ability to extend beyond the rangealibration will now be
assessed by the capacity of the model to prediahnaelocity in the James and Brown
(1977) and Collins and Flynn (1978) data sets.uteid.3 presents the predictions of
cross-sectional mean velocity relative to the olsgvalues. The model predicts the
mean velocity rather poorly for both data setsorher for the CV model to be used as an
accurate velocity rating tool, accurate predictdlepth-averaged velocity in the main
channel is critical. The poor prediction of theptheaveraged velocity in the main
channel explained in section 4.2.3 has been shownfluence the errors associated with
the mean velocity prediction. As shown in secdah 3, the asymptotic velocity of the
floodplain shows less variability over geometridanoughness conditions. It is therefore
hypothesized that if an index velocity on the flptadn was chosen, the prediction of

mean velocity would be improved.
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Figure 5.3. Results of the CV model as applied ttata beyond the project scope

5.2 Discussion of Discharge Prediction

This chapter has shown that the models develapregprédiction of the lateral
distribution of depth-averaged velocity in compowh@nnels can be applied to the
prediction of discharge in compound channels infoinen of index velocity ratings.
These models provide a physical basis for overliaadx velocity ratings.

The continuously varying parameter model (CV mpdels applied to multiple
compound channel experiments and was found togregian velocity withint 17% of
the observed values for calibration data sets. riibéel predicted less than 5% error in
mean velocity for the validation data sets. Thadel requires no calibration to predict
mean velocity; therefore, it is quite practicabdeaatool for discharge prediction until

reliable calibration data can be collected.
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The model was also used to predict mean velocithannels outside the scope of
work. The results showed that the accuracy ofitean velocity prediction is highly
dependent upon the accuracy of the depth-averagjedity prediction of the index
velocity. Therefore it is recommended that thetdegveraged velocity most accurately
and reliably predicted be used as the index veldicihe CV model is to be applied as a

velocity rating tool.
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6 APPLICATION Il — PREDICTION OF SHEAR LAYER

LOCATION AND WIDTH IN COMPOUND CHANNELS

From the pioneering compound channel studies ity@mgi large vortices along
the main channel/floodplain interface (Sellin, 1984leozo, 1967) to recent studies
guantifying momentum transfer in these channels @@oijen, et al., 2005;
Rameshwaran and Shiono, 2007), considerable ¢ff@rbeen made to investigate the
turbulent structure of compound channels. Thidyhas focused on prediction of the
lateral distribution of depth-averaged velocityt the models developed herein could be
used to make some basic observations on the steuatahe flow in compound channels.
This chapter will highlight one potential use oétimodels developed, namely to predict

the location %, andz,,) and width @) of the shear layer (Figure 6.1).
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Figure 6.1. Compound channel shear layer schematic
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Knowledge of the location and width of the shegetas important for many
applications. For example, flow measurement imséntation should be positioned to
minimize the errors in discharge prediction, arel pfacement of an instrument within
the secondary current influenced flow of the shager would maximize this error. The
width of the shear layer is also important for céemmumerical simulation of compound
channels. Many numerical models have been develfgperediction of the three-
dimensional velocity profile in compound channélgeZzinga, 1994; Sofialidis and
Prinos, 1999). Knowledge of the most highly vatigow zone would allow for
refinement of the numerical grid in the shear laged therefore better prediction of the
velocity. The shear layer width is also used mltteral distribution models of Alavian
and Chu (1985) and van Prooijen et al. (2005). &dwaran and Shiono (2007) recently
identified the model of Alavian and Chu (1985) asferable to other LDMs in prediction
of depth-averaged velocity and shear stress digtoibs. This multitude of applications
encourages the development of a simple methodréatigting the width and location of

the shear layer in compound channels.

6.1 Derivation of a Model for Shear Layer Width and Location

Alavian and Chu (1985), Rhodes and Knight (199869, an Prooijen et al.
(2005) have all identified criteria for definingetividth of the shear layer. All of these
methods rely on some velocity or boundary sheasstcriteria. For example, Rhodes
and Knight (1995) define the boundaries of the stegger as the lateral location when
the depth-averaged velocity reaches a value wiwrof its laterally uniform value on

the floodplain and in the main channel. These Atdlpropose 5% as a “compromise
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between the conflicting requirements of a suffidgrarge shear-layer width and a
reasonably accurate estimate of it” (Rhodes angjttniL995).

Due to their asymptotic nature, both the generdl@mtinuously varying
parameter models (Equation 2.9 and Equation 4speaively) lend themselves to
analysis of the width and location of the sheaetayin order to use the models,
equations for the inner and outer bounds of tharslager,z, andz,, respectively, must
be developed. Inthe main channel and on tleglfiain, the flow becomes laterally
uniform, and the logistic model approaches its gsgtic limits (Equation 6.1 and

Equation 6.2).

im U, ()
—a +a
72— U, a+a,
Equation 6.1
im U, (z) _
_a4
Z —» UO
Equation 6.2

The location of the inner and outer boundariethefshear layer can then be
determined by specifying the points where thered% defect in the velocity profile
from the asymptotic values (Rhodes and Knight5)98r both the main channel and the

floodplain (Equation 6.3 and Equation 6.4, respety)).

Ud (Zib)

%) -1, +a,)

Equation 6.3
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U d (Zob)

0

=([1+e)a,

Equation 6.4
If these expressions are used in conjunction wighgeneral model, equations for
the location and width of the shear layer can bevdd. Scaling of the shear layer
quantities with the main channel top widti,, provides a more generic tool for
assessment of the relative location of these baiwesléEquation 6.5 and Equation 6.6)

and the shear layer width (Equation 6.7).

i:“LnF[ 2, _1ﬂ
btop G | (1_ g)al &g,

Equation 6.5
Zob :1+i|n{i(i-1}}
btop a; a, \ &,
Equation 6.6
(l—fj 2_(2‘8} a +a2
o — Zoy _ Zp :im g2 & £ a,a, 4
btop btop btop aS a1a4 + a42
Equation 6.7

Following Rhodes and Knight (1995), the criteriattoe boundaries of the shear
layer are set as the lateral locations where tpéhdaveraged velocity is within 5% of its
asymptotic valueg=0.05). With this approximation, the equation tlee width of the

shear layer can be simplified to the following form
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I im(?'SOaf -3%,2, +a,’ j
thD a a,a, + 3-42

Equation 6.8

6.2 Estimation of Shear Layer Width and Location

This simple method of predicting the location andtiv of the shear layer allows
the model user to examine the general flow stredtucompound channels. For
instance, if the prescribed relations of the CV plade utilized, the shear layer location
and width are a function of relative depth alond ahservations can be made regarding
the general structure of compound channel sheardayer varying relative depth.

The CV model has been implemented to estimateizieeasid position of the
shear layer for the calibration data sets. Siheegeneral model provided estimates of
the depth-averaged velocity distribution that sheVittle discrepancy from observed
values, the model was also assumed to produceaeastimates of the shear layer
width and location. Figure 6.2 presents the CV eh@dedictions of the shear layer
location and width and the shear layer dimensidrieeocalibration data sets as
calculated by the general model. As evident, tilen@del provided reasonable
agreement with the general model when estimatiadabation of the shear layer with
74% and 91% of the data points lying within 20%& general model calculated values
for the inner and outer boundaries, respectivelgwever, the errors in these estimates
were compounded when estimating the shear layghwiith only 50% of predicted

values lying within 20% of the general model préelicvalues.
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Figure 6.2. Results of application of the CV Modelo estimation of shear layer
location and width
Although the CV model does not provide accuratereges of the shear layer

width, practicable observations can still be madenfthese predictions. Figure 6.3 and
Figure 6.4 display the CV model predictions forahlayer location and width. As
previously mentioned, knowledge of the shear l&yeation allows for minimization of
potential flow measurement errors due to instrunpéadement. Figure 6.3 shows that, in
general, the inner boundary of the shear layetyamgudes into the main channel more
than one quarter of the channel top width. Thiglies that flow measurement
instrumentation (e.g. an “uplooking” ADCP) shoulel flaced at a very minimum one
quarter of the channel top width from the bankkisTnner boundary also shows little

variability with large changes in relative deptb,isterference by the shear layer in
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extreme events is of minimal concern. The outemidary of the shear layer displays
significant changes in location depending on flaptth. This boundary is on the
floodplain for all events except large flood® ¢ 0.7). For more frequent floodS,(<
0.1), the shear layer is shown to extend ontoltaplain more than one quarter of the
channel top width. Therefore, instrumentation ethon floodplains should be located a

significant distance from the channel banks to miné measurement errors.
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The CV model predictions of the shear layer widdlednshown significant
variability, but the model can still provide usefqualitative trends of shear layer width.
The shear layer width has been shown to be appaigignzero at relative depths of
greater than 0.73 implying that for channels coimggxtremely large floods, the
shearing of the flow due to velocity gradient beesmelatively unimportant at large
relative depths. This is consistent with the obasgon of Ackers (1992) who found for
high relative depths a compound channel behavaesasyle channel.

The models developed herein have been applieditoa®n of shear layer width
and location to prove their utility in producingdb@observations of compound channel
flow structure. The quantitative estimates of @émodel showed significant
discrepancy from observed values; however, theitgtise observations agreed with

those of previous researchers.
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7 SUMMARY AND RECOMMENDATIONS

7.1 Summary

The lateral distribution of depth-averaged velpbias been shown to be of
importance for many applications in compound ch&n€ompound channels have been
examined by many researchers both experimentatlyaaalytically. Many theoretically
based models exist to model the lateral distributibdepth-averaged velocity; however,
there exist no simple empirical approaches todbimplex problem. This research
therefore aimed to obtain a simple model by wagliofensional analysis, and calibrate
and verify this model with the wealth of experimedrdata obtained. The research was
limited to the simplest compound channel environimeide, symmetric, straight
compound channels of homogenous roughness undermrflow conditions.

The lateral distribution of depth-averaged velpait compound channels was
assessed as three regions of velocity: the layanaiform region of the main channel, the
trapezoidal floodplain, and the region of rapidrafpain between the two, the shear layer.
Two functions were used to model the lateral v&yodistribution across these three
regions. The model of Wilkerson and McGahan (20@H)jch was developed for use in
trapezoidal channels, was adapted for use in toagalzfloodplains. A logistic function
was used to model the lateral distribution of vgloim the shear layer and main channel.
These functions were assumed to meet at a critication on the floodplain where the
depth-averaged velocity is laterally uniform.

The combination of these functions led to a gdneadibratable model for the

lateral distribution of depth-averaged velociticompound channels. This model
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requires geometric and hydraulic data along witbtld@veraged velocity data in order to
calibrate the model coefficients. This model pdad accurate predictions of the velocity
distribution with 95% of predicted depth-averagetbeities lying within 10% of their
observed values.

The coefficients of this general model were oufpu34 data sets. These
coefficients were then analyzed to ascertain catiggls with geometric and hydraulic
characteristics of the channels. These relaticre wsed to develop a continuously-
varying parameter model that requires only basargEric and hydraulic character of a
system in order to predict the distribution of depveraged velocity. For the data for
which the model was calibrated, 78% of predicteptid@veraged velocities were within
10% of their observed values, and for the validatata within the calibration range,
54% of predicted depth-averaged velocities wertiwit0% of their observed values and
100% of predicted values were within 20% of theesbsd values. The model was tested
beyond its calibration range using data that wdasobthe scope of the research, and the
model provided poor estimates of the lateral distion of depth-averaged velocity. For
this reason, the general model is recommended wkedepth-averaged velocity data
are available, and the continuously varying paremmtodel should only be applied
within the range of geometric and hydraulic cormhs used for calibration.

Application of the model to the prediction of disege in compound channels
was examined. The forms of the models developed tieemselves well to use in index
velocity relations. The continuously varying paster model was used to predict the
discharge in compound channels, and provided atctgaults: less than 20% error for

the calibration data and less than 5% error fovtimlation data. Commonly used index
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velocity ratings produced less accurate resultswvextended to overbank conditions (23
and 12% average errors, respectively).

The continuously varying model was applied todhalysis of the complex flow
structure of compound channels. The model provadadeful tool for qualitative
assessment of the location and width of the slagar

Two models have been presented for lateral priedicif depth-averaged
velocity. These models provide practicable toolstlie prediction of the lateral
distribution of depth-averaged velocity in compouwh@nnels. The models should be
applied only to the range of geometric and hydcaciiaracteristics for which they were
developed. The models have been shown to haveapphs in the prediction of

discharge and analysis of flow structure in compgbcimannels.

7.2 Recommendations

The research presented in this thesis demonstitaggubtential of using a simple
empirical function to model the lateral distributiof depth-averaged velocity in
compound channels. The following section highkgbbtential improvements and

applications of such a model.

7.2.1 Model Improvement

The continuously varying model has been shown torately model the velocity
distribution for those channels for which it wasilmated, however the model does not
accurately predict the velocity distribution fol @hannels, and further research is
warranted for the improvement of the model. hypothesized that errors may have

been introduced to the analysis by the use of aklaop width by, as a scaling
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parameter. These errors would be further magnifiethe narrow range of calibration
for the channel aspect ratio. It is thought thatwidth of the channel side slogghch,
would perhaps serve as a better scaling parameter.

The critical point between the two functioas,was defined as the point where
the depth-averaged velocity is within 0.1% of tgmaptotic velocity. This criterion was
chosen to ensure that the depth-averaged velaaghed its asymptotic value on the
floodplain. It is hypothesized that the critericould be eased to better coincide with the
criterion used in analysis of the shear layer wi@db).

The model has been shown to be easily applied tymsiguations, but further
research is needed to identify a robust approachltbrating the many coefficients of
the model. The prescribed relations of the comtirsly varying parameter model proved
to work well for the calibration range, but beyahe calibration range the accuracy
declined. Replacement of the prescribed relatwatis relations calibrated to each
channel is recommended. Thus, an order of caidiras required for calibrating the
model as data are obtained.

Although the model works well for the channels eksd, most natural
compound channels are far from straight, symmetrannels with homogeneous
roughness under uniform flow conditions. Furthesearch is therefore needed to extend
the scope of the model to include: heterogeneoughmess in the cross-section (e.g.
forested floodplains), asymmetry of the channelhgetny, meandering, narrow
floodplains, and variable backwater conditions.

Further research is also needed to refine theraailim of the model. More data

increase the robustness of any empirical modekré&thre, it is suggested that the
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continuously varying parameter model be recalilotai® data become available.
Particular emphasis should be placed on the célioraf the model with data from

natural rivers.

7.2.2 Applications of Model

Two applications of the model have been presesguroof of the utility of a tool
for the prediction of the lateral distribution c#th-averaged velocity in compound
channels. These applications are not the onlynpi@leapplications of this type of model.

First and foremost, the model could be applieiistdesign purpose, prediction of
the lateral distribution of velocity in compoundarimels. Knowledge of the velocity
distribution has implications for modeling edgeeetts during flow measurement,
improvement of stream restoration design, and ivgmmeent of navigation analyses.

The model has been shown as a tool for index utgloatings. Further research is
needed to examine the robustness of the modeétaghlication of flow measurement.

As was shown in Chapter 6, the model has potetatiaid researchers in
identifying the structure of flow in compound chafs These observations could then
be used as qualitative tools to refine flow measigmat instrumentation or numerical
modeling of compound channels.

Further research is needed to examine the potehitaupling the model with a
resistance relation to predict shear stress. &trediof the lateral distribution of shear
stress in compound channels could be used forrigesign, sediment transport analyses,
and flow measurement instrumentation (placemegigfng to prevent sediment

deposition on sensors).
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APPENDIX A: MODEL RESULTS

This appendix presents the statistical propertigs@ots of the depth-averaged velocity
distributions predicted by the models developetthis document (Equation 2.9 and
Equation 4.3). Table A.1 and Figure A.1 — Figur8#present the statistical properties
and velocity distributions of the general and CVdais for the calibration data sets.

Table A.2, Figure A.35, and Figure A.36 presentilsimnformation for validation data.
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Table A.1. Depth-averaged velocity distribution stistics for calibration data

Optimized Model Number of General
Series Test Coefficients Observations  Model CV Model
S S

a & as a n R (m/s) R (mls)

S-03* 221 0.8101.880 6.042 0.581 54 0.992 0.012 0.952 0.031

S-03 224  0.6971.535 5.594 0.653 54 0.989 0.012 0.967 0.022

S-03 227 0.5832.309 7.631 0.721 55 0.985 0.013 0.976 0.016

S-03 230 0.5072.158 7.294 0.769 55 0.980 0.013 0.976 0.015

FCF-01 10201 1.0411.756 8.776 0.343 48 0.989 0.015 0.987 0.018
FCF-01 10301 0.9281.675 9.143 0.498 48 0.995 0.009 0.952 0.038
FCF-01 10401 0.8421.988 8.272 0.612 49 0.994 0.010 0.900 0.050
FCF-01 10501 0.6572.454 9.796 0.728 48 0.994 0.010 0.800 0.063
FCF-01* 10601 0.4761.589 16.591 0.800 48 0.984 0.011 0.773 0.056
FCF-01* 10701 0.3352.882 4.162 0.909 48 0.963 0.013 0.470 0.053
FCF-02 20201 0.9041.257 7.822 0.361 35 0.992 0.016 0.983 0.025
FCF-02 20301 0.8421.283 7.260 0.455 35 0.990 0.015 0.988 0.017
FCF-02 20401 0.7671.306 7.612 0.535 35 0.992 0.013 0.990 0.015
FCF-02 20501 0.6521.325 8.294 0.629 35 0.983 0.016 0.978 0.021
FCF-02 20601 0.5881.351 6.035 0.701 35 0.955 0.025 0.953 0.027
FCF-02 20701 0.4501.272 2.662 0.820 35 0.948 0.026 0.886 0.040
FCF-02 20801 0.2610.864 2.683 0.898 36 0.954 0.022 0.503 0.066
FCF-03* 30201 0.8370.852 10.552 0.256 20 0.990 0.026 0.821 0.105
FCF-03 30301 0.7390.891 9.192 0.371 20 0.983 0.026 0.827 0.091
FCF-03* 30401 0.6910.726 9.576 0.424 20 0.973 0.032 0.804 0.092
FCF-03* 30501 0.6451.054 8.840 0.494 20 0.987 0.020 0.832 0.088
FCF-08 80201 1.0351.788 6.334 0.320 32 0.989 0.017 0.979 0.027
FCF-08 80301 0.9211.341 5.844 0.448 32 0.992 0.012 0.985 0.017
FCF-08 80401 0.8131.959 6.769 0.566 32 0.983 0.017 0.970 0.025
FCF-08 80501 0.6721.946 7.098 0.669 32 0.976 0.015 0.949 0.032
FCF-08 80601 0.5612.025 6.405 0.751 32 0.950 0.018 0.914 0.036
FCF-08* 80701 0.2677.482 17.250 0.895 33 0.862 0.027 0.653 0.058
FCF-10 100201 0.907 1.823 14.262 0.291 34 0.994 0.015 0.944 0.056
FCF-10 100301 0.857 1.349 8.469 0.402 34 0.991 0.017 0.973 0.034
FCF-10 1004010.751 1.180 7.602 0.516 34 0.987 0.017 0.982 0.022
FCF-10 100501 0.611 1.465 9.947 0.634 34 0.982 0.015 0.980 0.019
FCF-10 100601 0.495 1.665 12.491 0.723 34 0.971 0.016 0.960 0.024
FCF-10 100701 0.309 1.205 14.430 0.847 34 0.890 0.027 0.760 0.043
FCF-10* 100801 0.245 4.314 29.245 0.891 34 0.826 0.030 0.379 0.071

*Qutliers not used in calibration of the CV model.
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Figure A.9. Depth-averaged velocity distribution &r FCF-010601
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Figure A.10. Depth-averaged velocity distributiorfor FCF-010701
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Figure A.11. Depth-averaged velocity distributiorfor FCF-020201
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Figure A.12. Depth-averaged velocity distributiorfor FCF-020301
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Figure A.13. Depth-averaged velocity distributiorfor FCF-020401
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Figure A.14. Depth-averaged velocity distributiorfor FCF-020501
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Figure A.15. Depth-averaged velocity distributiorfor FCF-020601
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Figure A.16. Depth-averaged velocity distributiorfor FCF-020701
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Figure A.17. Depth-averaged velocity distributiorfor FCF-020801
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Figure A.18. Depth-averaged velocity distributiorfor FCF-030201
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Figure A.19. Depth-averaged velocity distributiorfor FCF-030301
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Figure A.20. Depth-averaged velocity distributiorfor FCF-030401
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Figure A.21. Depth-averaged velocity distributiorfor FCF-030501
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Figure A.22. Depth-averaged velocity distributiorfor FCF-080201
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Figure A.23. Depth-averaged velocity distributiorfor FCF-080301
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Figure A.24. Depth-averaged velocity distributiorfor FCF-080401
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Figure A.25. Depth-averaged velocity distributiorfor FCF-080501
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Figure A.26. Depth-averaged velocity distributiorfor FCF-080601
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Figure A.27. Depth-averaged velocity distributiorfor FCF-080701
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Figure A.28. Depth-averaged velocity distributiorfor FCF-100201
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Figure A.29. Depth-averaged velocity distributiorfor FCF-100301
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Figure A.30. Depth-averaged velocity distributiorfor FCF-100401
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Figure A.31. Depth-averaged velocity distributiorfor FCF-100501
1 1
o ®
0.9 - S \ 0.9
0.8 \ 0.8
0.7 0.7 E
>
o
06 ® o n 06 2
> * %% e oo o~ o o - . g
2 ) -
E 05 05 o
5 g
Kz
0.4 - 04 0
[
Qo
03 tos 2
0.2 4 T 02
0.1+ T 01
0 T T T T T T T 0
0.5 1 1.5 2 25 3 35
Lateral Coordinate, z (m)
‘ 4 Observed General Model — — — - CV Model Bed ‘

Figure A.32. Depth-averaged velocity distributiorfor FCF-100601
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Figure A.33. Depth-averaged velocity distributiorfor FCF-100701
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Figure A.34. Depth-averaged velocity distributiorfor FCF-100801
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Table A.2. Depth-averaged velocity distribution stistics for validation data

Continuously

Optimized Model Number of General Varying
Series Test Coefficients Observations  Model Model
S S
a & as a n R (m/s) R (mls)
FCF-01 10602 0.492 1.534 15.598 0.811 49 0.972 0.013 0.698 0.067
FCF-02 20402 0.764 1.304 7.597 0.536 35 0.992 0.014 0.990 0.016
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Figure A.35. Depth-averaged velocity distributiorfor FCF-010602
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